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1
BULK NICKEL-BASED CHROMIUM AND
PHOSPHOROUS BEARING METALLIC
GLASSES

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to U.S. Provisional
Application No. 61/526,153, filed Aug. 22, 2011, the disclo-
sure of which is incorporated herein by reference in its
entirety.

FIELD

The present disclosure is directed to Ni-based Cr- and
P-bearing metallic glasses containing small alloying addi-
tions of Nb and B, and optionally Si, capable of forming bulk
glassy rods with diameters as large as 10 mm or more. The
inventive bulk metallic glasses also exhibit very high strength
and high toughness, and are capable of undergoing extensive
macroscopic plastic bending under load without fracturing
catastrophically. The inventive bulk glasses also exhibit
exceptional corrosion resistance.

BACKGROUND

Amorphous Ni-based Cr- and P-bearing alloys have long
been recognized as having enormous commercial potential
because of their high corrosion resistance. (Guillinger, U.S.
Pat. No. 4,892,628, 1990, the disclosure of which is incorpo-
rated herein by reference.) However, the viability of these
materials has been limited because conventional Ni-based Cr-
and P-bearing systems are typically only capable of forming
foil-shaped amorphous articles, having thicknesses on the
order of several micrometers (typically below 100 microme-
ters).

The thickness limitation in conventional Ni-based Cr- and
P-bearing alloys is attributed to compositions that require
rapid solidification (cooling rates typically on the order of
hundreds of thousands of degrees per second) to form an
amorphous phase. For example, Japanese Patent JP63-79931
(the disclosure of which is incorporated herein by reference)
is broadly directed to Ni—Cr—Nb—P—B—Si corrosion-
resistant amorphous alloys. However, the reference only dis-
closes the formation of foils processed by rapid solidification,
and does not describe how one would arrive at specific com-
positions requiring low cooling rates to form glass such that
they are capable of forming bulk centimeter-thick glasses, nor
does it propose that the formation of such bulk glasses is even
possible. Likewise, United States Patent Application
US2009/0110955A1 (the disclosure of which is incorporated
herein by reference) is also directed broadly to amorphous
Ni—Cr—Nb—P—B—Si alloys, but teaches the formation
of these alloys into brazing foils processed by rapid solidifi-
cation. Finally, Japanese Patent JP2001-049407 A (the disclo-
sure of which is incorporated herein by reference) does
describe the formation of Ni—Cr—Nb—P—B bulk amor-
phous articles, but falsely advises the addition of Mo to
achieve bulk-glass formation. Only two exemplary alloys
capable of forming bulk amorphous articles are presented in
this prior art, both containing Mo, and the bulk amorphous
articles formed by the exemplary alloys are rods with diam-
eters of at most 1 mm. Another two exemplary Ni—Cr—
Nb—P—B alloys capable of forming glassy rods 1-mm in
diameter are also presented in an article by Hashimoto and
coworkers (H. Habazaki, H. Ukai, K. izumiya, K. Hashimoto,
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Materials Science and Engineering A318, 77-86 (2001), the
disclosure of which is incorporated herein by reference).

The engineering applicability of these two-dimensional
foil-shaped articles is very limited; applications are typically
limited to coating and brazing. The engineering applicability
of' 1-mm rods is also restricted to very thin engineering com-
ponents having sub-millimeter thickness. For broad engineer-
ing applicability, “bulk” three-dimensional articles with
dimensions on the order of several millimeters are typically
sought. Specifically, slab-shaped articles 1 mm in thickness,
or equivalently (from a cooling rate consideration) rod-
shaped articles 3 mm in diameter, are generally regarded as
the lower limits in size for broad engineering applicability.
Another requirement for broad engineering applicability is
the ability of millimeter-thick articles to undergo macro-
scopic plastic bending under load without fracturing cata-
strophically. This requires that the bulk metallic glasses have
relatively high fracture toughness. Accordingly, a need exists
for Ni-rich Cr- and P-bearing alloys capable of forming bulk
glasses.

BRIEF SUMMARY

The current disclosure is directed generally to the ternary
base system Nig, s_,Cr,P|, 5, where x ranges between 3 and
15. In certain aspects, Cr and P are replaced by small but
well-defined amounts of certain alloying elements.

In one embodiment, the disclosure is directed to a metallic
glass including an alloy represented by the following formula
(subscripts denote atomic percent):

Ni(GQ—w—x—y—z)CIS 54wND3 Py 6.5+yB3+z

where w, X, y, and z can be positive or negative, and where,

0.0494u%+1.78x%+4y%+22<1

and wherein the largest rod diameter that can be formed
with an amorphous phase is at least 5 mm.

In another such embodiment, the invention is directed to a
metallic glass including an alloy represented by the following
formula (subscripts denote atomic percent):

Ni(GQ—w—x—y—z)CIS 54wND3 Py 6.5+yB3+z

where w, X, y, and z can be positive or negative, and where,

0.033w2+0.44x%+2)7+0.322°<1.

and wherein the largest rod diameter that can be formed
with an amorphous phase is at least 3 mm.

In a preferred embodiment, the disclosure is directed to a
metallic glass including an alloy represented by the following
formula (subscripts denote atomic percent):

Ni¢6g.6-mwx—y-CTs. 74wND3 0. P 16548324

Here, an refined alloy composition is obtained when the vari-
ables w, X, y, and z are all identically 0. The values of w, X, y,
and 7z (expressed in atomic percentages) can be positive or
negative and represent the allowed deviation from the refined
composition given by:

Nigg 6Crg.7Nb3 0P 16583
and where these deviations (W, X, y, and z) satisfy the condi-
tion,

0.211wl+0.84x1+0.961yl+1.181z1<1.89

with [wl, xl, etc. being the absolute value of the composition
deviations, and wherein the largest rod diameter that can be
formed with an amorphous phase is at least 3 mm.
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In still yet another such embodiment, the disclosure is
directed to a metallic glass including an alloy represented by
the following formula (subscripts denote atomic percent):

Nl(GS.G—w—x—y—z)Cr 8.7+wa3.0+xP16.5+yB3.2+z

where w, X, y, and z can be positive or negative, and where,

0.211w[40.841x1+0.961y|+1.181z/<1.05

and wherein the largest rod diameter that can be formed with
an amorphous phase is at least 5 mm.

In still yet another such embodiment, the disclosure is
directed to a metallic glass including an alloy represented by
the following formula (subscripts denote atomic percent):

Ni68.6-mwx——o)CE: 8.7+wa3.0+xP16.5+yB3.2+z

where w, X, y, and z can be positive or negative, and where,

0.211w[40.841x1+0.961y|+1.1812]<0.43

and wherein the largest rod diameter that can be formed
with an amorphous phase is at least 8 mm. In another embodi-
ment, the disclosure is directed to a metallic glass including
an alloy represented by the following formula (subscripts
denote atomic percent):

Ni(160-a-b-c-yCraNb P By

where,

a is greater than 3 and less than 15,

b is greater than 1.5 and less than 4.5,

c is greater than 14.5 and less than 18.5, and

d is greater than 1 and less than 5;

and wherein the largest rod diameter that can be formed
with an amorphous phase is at least 3 mm.

In another such embodiment, a is greater than 7 and less
than 10, and the largest rod diameter that can be formed with
an amorphous phase is at least 8 mm.

In another such embodiment, a is greater than 7 and less
than 10, and the largest rod diameter that can be formed with
an amorphous phase is at least 8 mm.

In still another such embodiment, a is between 3 and 7, and
the stress intensity at crack initiation K ,, when measured on
a 3 mm diameter rod containing a notch with length between
1 and 2 mm and root radius between 0.1 and 0.15 mm, is at
least 60 MPa m'2.

In yet another such embodiment, a is between 3 and 7, and
the plastic zone radius r,,, defined as (1/m)(K / Gy)z, where K,
is the stress intensity at crack initiation measured on a 3 mm
diameter rod containing a notch with length between 1 and 2
mm and root radius between 0.1 and 0.15 mm is at least 60
MPa m"?, and where o, is the compressive yield strength
obtained using the 0.2% proof stress criterion, is greater than
0.2 mm.

In still yet another such embodiment, a is between 3 and 7,
and a wire made of such glass having a diameter of 1 mm can
undergo macroscopic plastic bending under load without
fracturing catastrophically.

In still yet another such embodiment, b is between 2.5 and
4.

In still yet another such embodiment, d is greater than 2 and
less than 4, and the maximum rod diameter that can be formed
with an amorphous phase is at least 5 mm.

In still yet another such embodiment, c+d is between 19
and 20.

In another preferred embodiment, the disclosure is directed
to a metallic glass including an alloy represented by the
following formula (subscripts denote atomic percent):

Ni100-a-p-c-ayCr.NbP By
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where,

a is greater than 2.5 and less than 15,

b is greater than 1.5 and less than 4.5,

c is greater than 14.5 and less than 18.5, and

d is greater than 1.5 and less than 4.5; and
wherein the largest rod diameter that can be formed with an
amorphous phase is at least 4 mm.

In another such embodiment, a is greater than 6 and less
than 10.5, b is greater than 2.6 and less than 3.2, ¢ is greater
than 16 and less than 17, d is greater than 2.7 and less than 3.7,
and the largest rod diameter that can be formed with an
amorphous phase is at least 8 mm.

In still another such embodiment, a is between 3 and 7, and
the stress intensity at crack initiation K ,, when measured on
a 3 mm diameter rod containing a notch with length between
1 and 2 mm and root radius between 0.1 and 0.15 mm, is at
least 60 MPa m*/.

In still another such embodiment, b is between 1.5 and 3,
and the stress intensity at crack initiation K ,, when measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, is at least 60 MPa m*/?.

In yet another such embodiment, a is between 3 and 7, and
the plastic zone radius r,,, defined as (1/m)(K / Gy)z, where K,
is the stress intensity at crack initiation measured on a 3 mm
diameter rod containing a notch with length between 1 and 2
mm and root radius between 0.1 and 0.15 mm, and where .
is the compressive yield strength obtained using the 0.2%
proof stress criterion, is greater than 0.2 mm.

In yet another such embodiment, b is between 1.5 and 3,
and the plastic zone radius r,,, defined as (1/m)(K / Gy)z, where
K, is the stress intensity at crack initiation measured on a 3
mm diameter rod containing a notch with length between 1
and 2 mm and root radius between 0.1 and 0.15 mm, and
where 0,,is the compressive yield strength obtained using the
0.2% proof stress criterion, is greater than 0.2 mm.

In still yet another such embodiment, a is between 3 and 7,
and a wire made of such glass having a diameter of 1 mm can
undergo macroscopic plastic bending under load without
fracturing catastrophically.

In still yet another such embodiment, b is between 1.5 and
3, and a wire made of such glass having a diameter of 1 mm
can undergo macroscopic plastic bending under load without
fracturing catastrophically.

In still yet another such embodiment, b is between 2.5 and
3.5, and the maximum rod diameter that can be formed with
an amorphous phase is at least 5 mm.

In still yet another such embodiment, d is greater than 2 and
less than 4, and the maximum rod diameter that can be formed
with an amorphous phase is at least 5 mm.

In still yet another such embodiment, c+d is between 18.5
and 20.5, and the maximum rod diameter that can be formed
with an amorphous phase is at least 5 mm.

In one embodiment, the disclosure is directed to an alloy
represented by the following formula (subscripts denote
atomic percent):

Ni(1OO—a—b—c—d—e)CIaNbchBdSie

where,
a is between 5 and 12,
b is between 1.5 and 4.5,
¢ is between 12.5 and 17.5,
d is between 1 and 5, and
eisupto2;
and wherein the largest rod diameter that can be formed
with an amorphous phase is at least 3 mm.
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In one such embodiment, a is greater than 7 and less than
10, and the stress intensity at crack initiation when measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15 mm
is at least 60 MPa m*/2,

In another such embodiment, a is greater than 7 and less
than 10, and the plastic zone radius r,,, defined as (1/m)(K/
Gy)z, where K, is the stress intensity at crack initiation mea-
sured on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, and where 0, is the compressive yield strength obtained
using the 0.2% proof stress criterion, is greater than 0.2 mm.

In still another such embodiment, a is greater than 7 and
less than 10, and a wire made of such glass having a diameter
of' 1 mm can undergo macroscopic plastic bending under load
without fracturing catastrophically.

In yet another such embodiment, b is between 2.5 and 4.

In still yet another such embodiment, d is between 2 and 4.

In still yet another such embodiment, e is up to 1.

In still yet another such embodiment, c+d+e is between 19
and 20.

In another preferred embodiment, the disclosure is directed
to an alloy represented by the following formula (subscripts
denote atomic percent):

Ni(lOO—a—b c—d- e)CraNbchBdSie

where,

ais between 4 and 14,

b is between 1.8 and 4.3,

cis between 13.5 and 17.5,

d is between 2.3 and 3.9, and

eisup to 2; and
wherein the largest rod diameter that can be formed with an
amorphous phase is at least 3 mm.

In one such embodiment, a is greater than 7 and less than
10, and the stress intensity at crack initiation when measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15 mm
is at least 60 MPa m'"2.

In one such embodiment, b is greater than 1.5 and less than
3, and the stress intensity at crack initiation when measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15 mm
is at least 60 MPa m'"2.

In another such embodiment, a is greater than 7 and less
than 10, and the plastic zone radius r,,, defined as (1/m)(K/
Gy)z, where K, is the stress intensity at crack initiation mea-
sured on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, and where 0, is the compressive yield strength obtained
using the 0.2% proof stress criterion, is greater than 0.2 mm.

In another such embodiment, b is greater than 1.5 and less
than 3, and the plastic zone radius r,, defined as (1/rx)
(KQ/Gy)z, where K, is the stress intensity at crack initiation
measured on a 3 mm diameter rod containing a notch with
length between 1 and 2 mm and root radius between 0.1 and
0.15 mm, and where o, is the compressive yield strength
obtained using the 0.2% proof stress criterion, is greater than
0.2 mm.

In still another such embodiment, a is greater than 7 and
less than 10, and a wire made of such glass having a diameter
of' 1 mm can undergo macroscopic plastic bending under load
without fracturing catastrophically.

In still another such embodiment, b is greater than 1.5 and
less than 3, and a wire made of such glass having a diameter
of' 1 mm can undergo macroscopic plastic bending under load
without fracturing catastrophically.
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In yet another such embodiment, b is between 2.5 and 3.5,
and the maximum rod diameter that can be formed with an
amorphous phase is at least 4 mm

In still yet another such embodiment, d is between 2.9 and
3.5, and the maximum rod diameter that can be formed with
an amorphous phase is at least 4 mm.

In still yet another such embodiment, e is up to 1.5, and the
maximum rod diameter that can be formed with an amor-
phous phase is at least 4 mm.

In still yet another such embodiment, c+d+e is between
18.5 and 20.5, and the maximum rod diameter that can be
formed with an amorphous phase is at least 4 mm.

In still yet another such embodiment, up to 1.5 atomic % of
Nb is substituted by Ta, V, or combinations thereof.

In still yet another such embodiment, up to 2 atomic % of
Cris substituted by Fe, Co, Mn, W, Mo, Ru, Re, Cu, Pd, Pt, Ti,
Zr, Hf, or combinations thereof.

In still yet another such embodiment, up to 2 atomic % of
Ni is substituted by Fe, Co, Mn, W, Mo, Ru, Re, Cu, Pd, Pt, Ti,
Zr, Hf, or combinations thereof.

In still yet another such embodiment, a rod having a diam-
eter of at least 0.5 mm can undergo macroscopic plastic
bending under load without fracturing catastrophically.

In still yet another such embodiment, the compressive
yield strength, o, obtained using the 0.2% proof stress crite-
rion is greater than 2000 MPa.

In still yet another such embodiment, the temperature of
the molten alloy is raised to 1100° C. or higher prior to
quenching below the glass transition to form a glass.

In still yet another such embodiment, the Poisson’s ratio is
at least 0.35.

In still yet another such embodiment, the corrosion rate in
6M HCl is not more than 0.01 mm/year.

In one embodiment, the invention is directed to an alloy
selected from the group consisting of: NigCr, sNb;P, B, .,

NigoCrg sNb3P; 5 7585 75, NigoCrg sNbsP 6 5Bs,
NigoCrg sNb;P; ¢B; s, NigoCrg sNb3P; 5 7585 75,
NigoCrgNb; 5Py 6 583, NigoCr; sNbP 6 B3,
Ni;, sCrsNbsPy 6 B3, Niy; sCrgNb;P 6 5Bs,
Ni,q sCr,Nb,P, 6 5B, Nig sCrgNb,P, 6 5B,
Nigg sCroNb;P; 4 B3, NiggCro sNbsP 6 5Bs,
Nig, sCr gNbsP, 5 5B, Nigs sCr; Nb,P, ¢ 5B,
Nigs sCr;,NbsP6 sBs, Nigg sCroNb;P, ¢B3Sig s,
Nigs sCroNb; P 5 sB;Si;, NigoCrg sNb3P; sB3Sig s,

NigoCrg sNb3 P 5 sB38i;, NigoCrg sNb, sTag 5Py 5 sB3S1,, and
Nigo sCrg sNb, sTag sPy5 sB3Si,.

In another embodiment, the invention is directed to an alloy
selected from the group consisting of: Ni,, sCrsNb;P, ¢ sB;,

Ni,, sCrgNb,P, ¢ 5B, Ni,q sCr,Nb,yP, 6 5B,
Nigo sCrgNb;P; 4 5B, Nigg sCroNb;P 6 B3,
NiggCro sNbsP; 6 5B, Nigy 5Cr;oNb3P; 6 583,
Nigs sCry 1 Nb3P6 5Bs, Nigs 5Cr;,NbsP 6 5Bs,
Nigg sCroNb; P, ¢B3Sig s, Nigg sCroNb; Py 5 sB;Si;,

NigoCrg sNb,P, [B,Si, 5, and Nig,Crg sNb,P, s <B,Si;.

In a preferred embodiment, the disclosure is directed to an
alloy selected from group  consisting  of:
NigoCrg sNbsP; ;B 5, NigoCrg sNb3P; 5 7585 75,
NigoCrg sNb;P; 6 B3, NigoCrg sNbsP; 6B; s,
NigoCrg sNb3P; 5 7585 75, NigoCroNb, 5P 6 5Bs,
NigoCrg 75sNb; 5P 6 583, NigoCrg »5Nb3 55P1 6 583,
NigoCrgNb; 5P 5B, NigoCr; sNbP 6 5B,
Ni;, sCrsNbsPy 6 B3, Niy; sCrgNb;P 6 5Bs,
Ni,q sCr,Nb,P, 6 5B, Nig sCrgNb,P, 6 5B,
Nigg sCroNb;P; 6 B3, NiggCro sNbsP 6 5Bs,
Nig; sCr;oNb;P;6 5Bs, Nigg sCry | NbsP 6 583,
Nigs sCr;,NbsP6 sBs, Nigg sCroNb;P, ¢B3Sig s,
Nigg sCroNb; P 5 sB;Si;, NigoCrg sNb3P; sB3Sig s,
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Nigo 45Crg 51Nb3 04P 5 6683 045

Nigg 05Crs 75
Nigg 17Cry 65
Nig; 75Crg soNb; 0617 3483 360
N%69cr8.5Nb2.5Ta0.5P15.5B3SI1;
Nigy sCrg ;Nb, sTa 5P 5 sB;Si, .

In another such embodiment, the disclosure is directed to
one of the following alloys: Nigg (Crg ,Nb;P,(B;, or
Nigg 6Cry /Nb3P) 6B 581 5.

3.02P16.08B3.12>
B

2.98P16.92 3.28>

NigCrg sNbyP, 5 sB;Si,,
and

BRIEF DESCRIPTION OF THE DRAWINGS

Various examples of the present disclosure will be dis-
cussed with reference to the appended figures and data
results, wherein:

FIG. 1 provides a data plot showing the effect of increasing
B atomic concentration at the expense of P on the glass
forming ability of exemplary amorphous alloys
NigCrg sNb;P o5 B, for 1.5=x<4 and Nigg<Crgs

5P5o B, for 4=x=6 (Compositions are listed in Table 1).

FIG. 2 provides a data plot showing the effect of increasing
Nb atomic concentration at the expense of Cr on the glass
forming ability of exemplary amorphous alloys Nig,
Cr,, s_.Nb P, B, for 1.5=x=<5 (Compositions are listed in
Table 2).

FIG. 3 provides a data plot showing the effect of increasing
Cr atomic concentration at the expense of Ni on the glass

forming ability of exemplary amorphous alloys
Ni,, 5, Cr,Nb;P, . B, for 3=x<15 (Compositions are listed
in Table 3).

FIG. 4 provides a data plot showing the effect of increasing
the atomic concentration of metalloids at the expense of met-
als on the glass forming ability of exemplary amorphous
alloys (N g541Cro,1085Nbo 0374)100-x(Po. 8376B0.1624)
(Compositions are listed in Table 4).

FIG. 5 provides calorimetry scans for exemplary amor-
phous alloys NigCrg sNbsPos B, for 2=x<4 and
Nigg sCrg sNb; P, B, for4=x<6. (Compositions are listed in
Table 1; and arrows in plot designate the liquidus tempera-
tures).

FIG. 6 provides calorimetry scans for exemplary amor-
phous alloys NigCr;, s_ Nb P, sB; for 1.5=x<5. (Compo-
sitions are listed in Table 2; and arrows in plot designate the
liquidus temperatures).

FIG. 7 provides calorimetry scans for exemplary amor-
phous alloys Ni,, s_ . Cr, Nb,P,, B, for 4=x=<14. (Composi-
tions are listed in Table 3; and arrows in plot designate the
liquidus temperatures).

FIG. 8 provides calorimetry scans for exemplary amor-
phous alloys (Niy g41Cr 1085ND0 0374)100-(Po.8376B0.4624)x
(Compositions are listed in Table 4; and arrows in plot des-
ignate the liquidus temperatures).

FIG. 9 provides the results of experimental fitting data for
varying Cr concentration at the expense of Ni, according to
the formula Ni,, ;_, Cr,Nb,P, ; ;B;. The preferred u is found
to be 8.7. The fitting of the maximum rod diameter data
follows the function 1.548.5exp[20.85 (u-8.7)] for u<8.7,
and 1.5+8.5exp[-19.56(u-8.7)] for u>8.7.

FIG. 10 provides the results of experimental fitting data for
varying Nb concentration at the expense of Cr, according to
the formulaNigCr,, 5_,Nb, P, sB;. The preferredu is found
to be 2.95. The fitting of the maximum rod diameter data
follows the function 1.5+8.5exp[1.042(u-2.95)] for u<2.95,
and 1.5+8.5exp[-0.938(u-2.95)] for u>2.95.

FIG. 11 provides the results of experimental fitting data for
varying B concentration at the expense of P, according to the
formula Nig,Crg <Nb;P,s 5, B,,. The preferred u is found to
be 3.2. The fitting of the maximum rod diameter data follows
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8
the function 1.5+9.83exp[0.8578(u-3.2)] foru<3.2, and 1.5+
9.83exp[-1.2189(u-3.2)] for u>3.2.

FIG. 12 provides the results of experimental fitting data for
varying metalloid concentration at the expense of metals,
according to the formula (Nij ¢54;Crg 1085NP6 0374) 1004
(Py 5376Bo.1624), The preferred u is found to be 19.7. The
fitting of the maximum rod diameter data follows the function
1.549.9exp[0.7326(u-19.7)] for u<19.7, and 1.54+9.9exp[-
0.7708(u-19.7)] for u>19.7.

FIG. 13 provides a map of glass forming ability according
to the results of experimental fitting data where Nb and B are
varied in the composition. Data of the prior art (Inoue patent
and Hashimoto article), in which 1-mm rods have been
reported, are also superimposed in the map.

FIG. 14 provides a map of glass forming ability according
to the results of experimental fitting data where P and B are
varied in the composition.

FIG. 15 provides a map of glass forming ability according
to the results of experimental fitting data where Nb and Cr are
varied in the composition.

FIG. 16 provides a map of glass forming ability according
to the results of experimental fitting data where Cr and P are
varied in the composition.

FIG. 17 provides compressive stress-strain responses of
exemplary amorphous alloys Ni,,s Cr,Nb,P, . B; for
4=x<13.

FIG. 18 provides a data plot showing the compressive yield
strengths of exemplary amorphous alloys
Ni,, 5, Cr, Nb;P, . B, for 4=x=<13 (Data are listed in Table
7).

FIG. 19 provides a data plot showing the notched tough-
ness of exemplary amorphous alloys Ni., s Cr, Nb;P, . B,
for 4=x<13 (Data are listed in Table 7).

FIG. 20 provides a data plot showing the plastic zone radii
of exemplary amorphous alloys Ni,, 5 Cr Nb,P, . sB; for
4<x<13 (Data are listed in Table 7).

FIG. 21 provides images of fracture surfaces of pre-
notched specimens of exemplary amorphous alloys
Ni,, 5, Cr, Nb;P, . B;: (a) x=5; (b) x=7; (c) x=10; (d) x=13.

FIG. 22 provides images of a 0.6-mm wire of exemplary
amorphous alloy Ni,, sCrsNb;P,, B, bent plastically
around a 6.3-mm bent radius.

FIG. 23 provides compressive stress-strain responses of
exemplary amorphous alloys NiggCrg <NbsP,o 5 B, for
2=x=4.5.

FIG. 24 provides a data plot showing the compressive yield
strengths of exemplary amorphous alloys NiggCrg sNby
P,y 5 B, for 2<x=4.5 (Data are listed in Table 8).

FIG. 25 provides a data plot showing the notched tough-
ness of exemplary amorphous alloys NigoCrg sNbsP,o 5 B,
for 2=x=4.5 (Data are listed in Table 8).

FIG. 26 provides a data plot showing the plastic zone radii
of exemplary amorphous alloys NigCrg <NbsP o5 B for
2=<x=4.5 (Data are listed in Table 8).

FIG. 27 provides compressive stress-strain responses of
exemplary amorphous alloys Nig,Cry; s  Nb P, B; for
2=x=4.

FIG. 28 provides a data plot showing the compressive yield
strengths of exemplary amorphous alloys Nigg
Cr,, s_.Nb P, ;B for 2=x=4 (Data are listed in Table 9).

FIG. 29 provides a data plot showing the notched tough-
ness of exemplary amorphous alloys Nig,Cr,; s Nb P, B,
for 2=x=4 (Data are listed in Table 9).

FIG. 30 provides a data plot showing the plastic zone radii
of exemplary amorphous alloys Nig,Cr,, s_ Nb. P, B for
2=x=4 (Data are listed in Table 9).
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FIG. 31 provides compressive stress-strain responses of
exemplary amorphous alloys (Nig g5.4,Cro 1085NPo 0374)100-x
(Py 5376B0.1624)x fOr X between 18.7 and 20.7.

FIG. 32 provides a data plot showing the compressive yield
strengths of exemplary amorphous alloys
(Nig 5541 Cr0.1085Nb0 0374)100-x(Po.8376Bo.1624)x for X
between 18.7 and 20.7 (Data are listed in Table 10).

FIG. 33 provides a data plot showing the notched tough-
ness of exemplary amorphous alloys
(Nig 5541 Cr0 1085Nb0 0374 100-x(Po.8376Bo.1624)x for x
between 18.7 and 20.7 (Data are listed in Table 10).

FIG. 34 provides a data plot showing the plastic zone radii
of exemplary amorphous alloys  (Niggs4;Cro 1085
Nbg 0374)100-xPo.8376B0 1624) fOr X between 18.7 and 20.7
(Data are listed in Table 10).

FIG. 35 provides a data plot showing the Poisson’s ratio of
exemplary amorphous alloys Ni,, s Cr,Nb,P,.B; for
4<x<13 (Data are listed in Table 11).

FIG. 36 provides a data plot showing the Poisson’s ratio of
exemplary amorphous alloys NiggCrg <NbsP,o 5 B, for
2=x=4.5 (Data are listed in Table 12).

FIG. 37 provides a data plot showing the Poisson’s ratio of
exemplary amorphous alloys NigCry; s  Nb P, B; for
2=x=4 (Data are listed in Table 13).

FIG. 38 provides a data plot showing the Poisson’s ratio of
exemplary amorphous alloys (Nig g541Cro.1085NPo 0374)100-x
(Py 5376Bo.1 624), Tor x between 18.7 and 20.7 (Data are listed
in Table 14).

FIG. 39 provides a data plot showing the effect of Si atomic
concentration on the glass forming ability of exemplary
amorphous alloys Nigg sCroNb;P, s B;Si, for O=x<2
(Compositions are listed in Table 15)

FIG. 40 provides calorimetry scans for exemplary amor-
phous alloys Nigg sCrgNbP, . 5 B;Si, for 0=x<1.5. (Com-
positions are listed in Table 15 and arrows in plot designate
the glass-transition and liquidus temperatures).

FIG. 41 provides calorimetry scans for exemplary amor-
phous alloys Nigg ¢Crg ;Nb;P, ¢ sBs 5 and
Nigg Crg ;Nb;P, (B; ,Si 5. (Arrows designate the glass-
transition and liquidus temperatures).

FIG. 42 provides compressive stress-strain responses of
exemplary amorphous alloys Nigg sCrgNb,P, s B;Si_ for
O=x=1.5.

FIG. 43 provides a data plot showing the compressive yield
strength of exemplary amorphous alloys Nigg Crg
Nb;P, 4 5, B;Si, for 0=x<1.5. (Data are listed in Table 17).

FIG. 44 provides a data plot showing notch toughness of
exemplary amorphous alloys Nigg sCroNb;P, . s B;Si, for
0O=x<1.5. (Data are listed in Table 17).

FIG. 45 provides a data plot showing the plastic zone radii
of exemplary amorphous alloys Nigg sCroNbsP, o5 B;Si,
for O=x<1.5. (Data are listed in Table 17).

FIG. 46 provides images of fracture surfaces of pre-
notched specimens of exemplary amorphous alloys
Nigg sCroNb;P ¢ 5 B;Si: (a) x=0; (b) x=0.5; (¢) x=1; (d)
x=1.5.

FIG. 47 provides compressive stress-strain responses of
exemplary amorphous alloys Ni,, s_ Cr,Nb;P,B;Si, 5 for
7=x<10.

FIG. 48 provides compressive yield strengths of exemplary
amorphous alloys Ni,, s, Cr, Nb;P, . B, and
Ni,, 5_,Cr, NbsP,B;Si, s for 7=x<10. (Data are listed in
Table 18).

FIG. 49 provides notch toughness of exemplary amor-
phous alloys Ni,, 5_,Cr,Nb,P, . ;B; and
Ni,, 5_,Cr, NbsP,B;Si, s for 7=x<10. (Data are listed in
Table 18).
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FIG. 50 provides plastic zone radii of exemplary amor-
phous alloys Ni,,s CrNb;P, B, and Ni,.
Cr, Nb;P, ;B;Si, 5 for 7=x=<10. (Data are listed in Table 18).

FIG. 51 provides a data plot of damage tolerance of exem-
plary amorphous alloys Ni,. s Cr,Nb,P,, B, and Ni_, 5
Cr, Nb,P, ;B;Si, 5 for 7=x<10.

FIG. 52 provides a data plot showing the Poisson’s ratio of
exemplary amorphous alloys Nigg sCrgNbsP, . s B;Si, for
O=x<1.5. (Data are listed in Table 19).

FIG. 53 provides a data plot showing the effect of Mo
atomic concentration on the glass forming ability of exem-
plary amorphous alloys Nigg Crg s Nb;Mo P, B, for
0=x<3. (Compositions are listed in Table 21).

FIG. 54 provides a data plot showing corrosion depth vs.
time for stainless steel 304, stainless steel 316, and exemplary
amorphous alloys NigoCrg sNb;P, 4 sB; and
Nigg ¢Crg ,Nb3P| (B; ,Si, 5 in 6M HCL

FIG. 55 provides an image of a 3-mm rod of exemplary
amorphous alloy Nig,Crg ;Nb,P, . B, after 2220 hours of
immersion in 6M HCl.

FIG. 56 provides images of fully amorphous rods made
from exemplary amorphous alloys of the present disclosure
with diameters ranging from 3 to 10 mm.

FIG. 57 provides an X-ray diffractogram with Cu—Ka
radiation verifying the amorphous structure of a 10-mm rod
of exemplary amorphous alloy Nig, Cry ,NbyP, B, ,Sij s,
produced by quenching the melt in a quartz tube with 1-mm
thick wall.

FIG. 58 provides a micrograph showing a Vickers micro-
indentation on a disk of exemplary amorphous alloy
Nigg 6Crg /Nb;P, Bj 5Si, 5.

FIG. 59 provides a compressive stress-strain response of
exemplary amorphous alloy Nig, Crg ;Nb;P, B3 ,Si, ».

DETAILED DISCLOSURE

Amorphous Ni-rich alloys bearing Cr and P were recog-
nized as highly corrosion resistant materials more than
twenty years ago (Guillinger, U.S. Pat. No. 4,892,628, 1990,
cited above). However, conventional ternary Ni—Cr—P
alloys were able to form an amorphous phase only in very thin
sections (<100 pum) by processes involving either atom by
atom deposition, like for example electro-deposition, or rapid
quenching at extremely high cooling rates, like for example
melt spinning or splat quenching. In the present disclosure, a
Ni-rich Cr- and P-bearing alloy system having a well-defined
compositional range has been identified that requires very
low cooling rates to form glass thereby allowing for bulk-
glass formation to thicknesses greater than 10 mm. In par-
ticular, it has been discovered that by minutely controlling the
relative concentrations of Ni, Cr and P, and by incorporating
minority additions of Nb and B as substitutions for Cr and P
respectively, the amorphous phase of these alloys can be
formed in sections thicker than 3 mm, and as thick as 1 cm or
more. What is more, the mechanical and chemical properties
of these alloys, including toughness, elasticity, corrosion
resistance, etc. now become accessible and measurable, and
therefore an engineering database for these alloys can be
generated.

Accordingly, in some embodiments the metallic glass of
the present disclosure comprises the following:

at least Ni, Cr, P, Nb, and B;

where Cr can vary in the range of 3 to 15 atomic percent,

where Nb can vary in the range of 1.5 to 4.5 atomic percent,

where P can vary in the range of 14.5 to 18.5 atomic
percent, and

where B can vary in the range of 1 to 5 atomic percent.
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In various embodiments, the metallic glass is capable of
forming an amorphous phase in sections at least 3 mm thick,
and up to 10 mm or greater. In various alternative embodi-
ments, the atomic percent of B in the alloys of the present
disclosure is between about 2 and 4. In further embodiments,
the combined fraction of P and B is between about 19 and 20
atomic percent. The atomic percent of Cr can be between 5
and 10 and of Nb between 2.5 and 4.

In some preferred embodiments, the metallic glass of the
instant disclosure comprises the following:

at least Ni, Cr, P, Nb, B and optionally Si;

where Cr can vary in the range of 2.5 to 15 atomic percent,

where P can vary in the range of 14.5 to 18.5 atomic

percent,

where Nb can vary in the range of 1.5 to 5 atomic percent,

where B can vary in the range of 1 to 5 atomic percent, and

where the combined fraction of P and B and optionally Si
can vary in the range of 18 to 21.5, and

where Si is optionally added up to 2 atomic percent as

replacement for P.
A detailed examination of the importance of the above ranges
is developed in the following sections of text.
Glass Forming Ability (GFA) Characterization

As described above, the alloys of the instant disclosure are
directed to five component or more Ni-based metallic glass
forming alloys comprising some combination of at least Ni,
Cr, Nb, P, and B. The 5-component system can be conve-
niently described by the formula:

NifeysCr,Nb,PB,

where the variables w, X, y, z are the concentrations of the
respective elements in atomic percent. In conventional prac-
tice, alloys of this family are thought to have relatively poor
glass-forming ability with a critical casting thickness of 1 mm
or less. (See, e.g., JP 63-79931, JP-2001-049407A and US
Pat. Pub. 2009/0110955A1, cited above.) However, it has
now been discovered that by precisely refining the composi-
tional variables within a fairly narrow range, an alloy of
exceptional glass forming ability may be obtained. Such
exceptional glass forming ability was neither taught nor
anticipated in any of the prior art.

In particular, the present disclosure demonstrates that
simultaneous substitutions of about 2 to 4 atomic percent P
with B (Table 1 below, and FIG. 1) and about 2 to 4 atomic
percent Cr with Nb (Table 2 below, and FIG. 2) in the
NigCry sP;o s system, where the total atomic concentration
of Crand Nb is about 11.5% (Table 3 below, and FIG. 3), and
the total metalloid (P and B) atomic concentration is about
19.5% (Table 4 below, and FIG. 4), drastically improves
bulk-glass formation. More specifically, it has been deter-
mined that there is a very sharp unexpected “cusp-like” peak
in glass forming ability within these compositional ranges
that would never have been anticipated or considered possible
based on conventional view of metallic glass formation. This
sharp peak is illustrated by variation in glass forming ability
shown in Tables 1-4.

TABLE 1

Exemplary amorphous alloys demonstrating the effect of increasing the
B atomic concentration at the expense of P on the glass forming ability
of the Ni—Cr—Nb—P—B system.

Critical Rod
Diameter
Example Composition [mm]
1 NigoCrg sNb3P B, 5 4
2 NigoCrg sNb3P 7 5By 5
3 NigoCrg sNb3P 1785 5 7
4 NiggCrg sNb3P 16 75B2.75 8

12
TABLE 1-continued

Exemplary amorphous alloys demonstrating the effect of increasing the
5 B atomic concentration at the expense of P on the glass forming ability

of the Ni—Cr—Nb—P—B system.

Critical Rod

10 Diameter
Example Composition [mm]
5 NigoCrg sNb3P 6 5B3 10
6 NigoCrg sNb3P16B3 5 8
15 .
7 NiggCrg sNb3P 5 75B3 75 6
8 Nigg sCrg sNb3P 6B, 5
9 Nigg sCrg sNb3P5 5By 5 4
10 Nigg 5Crg sNb;y P sBs 4
20 11 Nigg sCrg sNb3P 14 5Bs 5 2
12 Nigg sCrg sNb3P 14Bs 2
2 TABLE 2
Exemplary amorphous alloys demonstrating the effect of increasing the
Nb atomic concentration at the expense of Cr on the glass forming
ability of the Ni—Cr—Nb—P—B system.
30
Critical Rod
Diameter
Example Composition [mm]
35 13 NigoCroNb; 5P 45B3 3
14 NigoCro sNb,P 6 5B3 4
15 NigoCrgNb, 5P 4 5B3 7
16 NiggCrg 75Nb 75P 16 5B3 9
5 NigoCrg sNb3P 6 5B3 10
40 17 NiggCrg 25Nb3 55P 16 5B3 7
18 NigoCrgNb; sP165B3 6
19 NigoCry sNb,P 6 5B3 5
20 NiggCrsNb, 5P 165B3 3
21 NigoCrg sNbsP 4 5B 3
45
TABLE 3

Exemplary amorphous alloys demonstrating the effect of increasing the
50 Cr atomic concentration at the expense of Ni on the glass forming
ability of the Ni—Cr—Nb—P—DB system.

Critical Rod

Diameter
Example Composition [mm]
» 22 Ni3 5CryNbzP 5 5B3 5
23 Ni; 5CrsNbzP 4 5Bs 5
24 Niy sCrgNb;yP 4 5B; 6
25 Nig 5Cr7NbzP 5 5B3 7
26 Nigg sCrgNbzP455B3 9
60 5 NigoCrg sNbzP45B3 10
27 Nigg sCrgNb;P 4 5B; 10
28 NiggCrg sNbzP45B3 9
29 Nig7.5Cr;oNbsP 6 5B3 8
30 Nige sCr; 1Nb3P 6 5B3 6
31 Nigs sCr,NbsP 6 5B3 6
32 Nigy 5sCr3Nb3P45B3 5
65 33 Nig3 5Cr1aNb3P 6 5B3 5
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TABLE 4

Exemplary amorphous alloys demonstrating the effect of increasing the
total metalloid concentration at the expense of metals on the glass
forming ability of the Ni—Cr—Nb—P—B system.

Critical Rod
Diameter
Example Composition [mm]

34 N%69.45cr8.8le3.04P15.66B3.04 6
35 Nigo.03Crs.75Nb3 02P 16.08B3 12

36 Nigg 6Crg 7Nb3P 16 5B3 5 11
37 N?ss. 17Crg.65Nb5 98P 60583 55

38 Nig7.75Crs 50Nb 06P17.34B3 36 6

More importantly, it has been discovered that outside of the
inventive ranges, the ability to produce the amorphous phase
in bulk dimensions drastically diminishes. Moreover, the
glass forming ability is shown to peak when Cr atomic con-
centration is between 8.5 and 9%, when the Nb atomic con-
centration is about 3%, when the P atomic concentration is
about 16.5%, and when the B atomic concentration is
between 3 and 3.5%, whereby fully amorphous bulk rods 10
mm in diameter or more are produced. Calorimetry scans to
determine the effects of increasing B at the expense of P, Nb
at the expense of Cr, and Cr at the expense of Ni on the glass
transition, crystallization, solidus, and liquidus temperatures
were also performed (FIGS. 5 to 8). The calorimetry scans
show that as the preferred composition is approached, the
solidus and liquidus temperatures pass through a minimum
while coming closer together, which suggest that in various
embodiments the preferred composition is associated with a
five-component eutectic.

Refining Ni-Metallic Glasses and Ni-Metallic Glass Forma-
tion

In one embodiment, the inventive Ni-alloy composition
can be described by a 4-dimensional composition space in
which bulk amorphous alloy compositions with maximum
rod diameter of 5 mm or larger will be included. In such an
embodiment, a description of the alloy (based on the glass-
forming ability vs. composition plots provided herein) would
be an ellipsoid in a 4-dimensional composition space as
described hereafter.

To form bulk amorphous alloys with maximum rod diam-
eter of at least 5 mm, the alloys composition would satisfy the
following formula (subscripts denote atomic percent):

Ni(GQ—w—x—y—z)CIS.5+wa3+xP 16.5+yB3+z

where w, X, y, and z are the deviation from an “ideal
composition”, are in atomic percent and can be positive
or negative. In such an embodiment, for alloys capable
of producing amorphous rods with diameter of at least 5
mm, the equation of the 4-dimensional ellipsoid would
be given as follows:

(W/A5Y+(x/0.75)+(1/0.5)%+(z/1)°<1
or

0.0494w%+1.78x%+4y%+22<1

If, for example, only w is considered (let x=y=7=0), the
condition for 5 mm maximum rod diameter given by the
“glass-forming ability vs. Cr content” plot of —-4.5<w<4.5 is
reached. In turn, if only x is considered (let w=y=7=0), the
condition for 5 mm maximum rod diameter given by the
“glass-forming ability vs. Nb content” plot of —0.75<x<0.75
is reached, etc. Accordingly, in this embodiment of the com-
position, the formula provides a preferred “S mm” maximum

10

15

20

25

30

35

40

45

50

55

60

65

14

rod diameter region since it treats the deviations as having a
cumulative effect on degrading glass-forming ability.

Inturn, the region that contains bulk amorphous alloys with
maximum rod diameter of at least 3 mm can be obtained by
adjusting the “size” of the ellipsoid. It is possible to obtain a
formula for an alloy that can form amorphous rods at least 3
mm in diameter. This is given by an ellipsoid of the following
formula (subscripts denote atomic percent):

Ni(GQ—w—x—y—z)CIS 54wND3 Py 6.5+yB3+z

where w, X, y, and 7z are the deviation from an “ideal
composition”, are in atomic percent and can be positive or
negative. In such an embodiment, for alloys capable of pro-
ducing amorphous rods with diameter of at least 3 mm, the
equation of the 4-dimensional ellipsoid would be given as
follows:

0.033w2+0.44x%+2)7+0.322°<1.

In effect, the two formulae above provide a direct descrip-
tion of preferred embodiments of the inventive composition
adjusted for the critical casting diameter desired.

In another embodiment, the present disclosure is also
directed to Ni-based systems that further contain minority
additions of Si. Specifically, substitution of up to 2 atomic
percent P with Si in the inventive alloys is found to retain
significant glass forming ability. As such, the Ni-based inven-
tive alloys in this embodiment contain Cr in the range of 5 to
12 atomic percent, Nb in the range of 1.5 to 4.5 atomic
percent, P in the range of 12.5 to 17.5 atomic percent, and B
in the range of 1 to 5 atomic percent, and are capable of
forming an amorphous phase in sections at least 3 mm thick,
and up to 10 mm or greater. Preferably, the atomic percent of
B in the alloys of the present disclosure is between about 2
and 4, and the combined fraction of P, B, and Si is between
about 19 and 20 atomic percent. Also, the atomic percent of
Cr is preferably between 7 and 10 and of Nb between 2.5 and
4.

Exemplary embodiments demonstrate that substitutions of
up to about 2 atomic percent P with Si in the
Nigg sCrgNb,P, o B, system does not drastically degrade
bulk metallic glass formation.

Accordingly, in some embodiments, the inventive Ni-alloy
composition can be described by a 4-dimensional composi-
tion space in which bulk amorphous alloy compositions with
maximum rod diameter of 3 mm or larger will be included. In
such an embodiment, a description of the alloy (based on the
glass-forming ability vs. composition plots provided herein)
would be 4-dimensional “diamond shaped” region within a
4-dimensional composition space represented by the compo-
sition vector c=(w, X, y, Z). As will be described below in
detail, the refinement of the composition variables, based on
an analysis of our experimental data on glass forming ability,
yields a single precise alloy composition with maximum
glass forming ability in the 5-component Ni—Cr—Nb—
P—B system. This alloy can be formed into fully amorphous
cylindrical rods of diameter of 11.5+0.5 mm (almost /2 inch)
when melted at 1150° C. or higher in quartz tubes with 0.5
mm thick wall and subsequently quenched in a water bath.
This precise refined composition is given by:

NigyyeyiCr,Nb,PB,

where the variables (w, X, y, Z) are the concentrations of the
respective elements in atomic percent, and where the refined
composition variables are w,=8.7 (at. % Cr), x,=3.0 (at. %
Nb), y,=16.5 (at. % P), z,=3.2 (at. % B), and the balance of
the alloy being 68.6 at. % Ni.
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In the refinement of this alloy, the composition space along
4 independent experimental directions defined by 4 alloy
“series” can be sampled as follows:

Ni,, 5s_,Cr,Nb; oP, o <B; , (Series 1)

NigoCry; 5, Nb, P, sB; , (Series 2)

NigoCrg sNbsP 5 5, B, (Series 3)

(Nig 8541Cr0.1085NP0 0374)100-:P0.8376Bo.1624): (Series 4)
These alloy series represent one-dimensional lines in the
4-dimensional composition space. The lines are oriented in 4
independent directions. Therefore any alloy composition in
the vicinity of the refined composition can be formed by
combining alloys belonging to the 4 alloy series. By demon-
strating a sharp peak in glass forming ability in each separate
alloy series, it can be inferred that there exists a single unique
peak in the four-dimensional space, associated with one
unique alloy composition which refines glass forming ability
for the S-component system.

The critical rod diameter data from FIGS. 1-4 are also
plotted in FIGS. 9 to 12. It was found that the critical rod
diameter plotted vs. composition, u, consists of two separate
curves, one for low u values where the critical rod diameter
rapidly increases with u up to a maximum, and one for higher
u values which rapidly falls with u beyond an optimum value
of'u. The two “branches” of the plots can be associated with
a change in crystallization mechanism of the liquid alloy as
one passes through an optimum composition. More specifi-
cally, the crystalline phase which forms most readily during
cooling the liquid changes abruptly as one passes through the
optimum value of u. It was found that the two branches of the
curves (the low u and high u branches) are well described as
exponential functions of the composition variable u. The two
branches of the curves are found to first increase exponen-
tially with u (low u branch) and then decrease exponentially
(high u) as one exceeds the optimum value of u. The expo-
nential fits for each of the 4 alloy series are shown in FIGS.
9-12 along with the experimental critical rod diameter data.
The intersection of the two branches defines the refined value
of'the u variable for each of the 4 alloy series. These fits were
used to develop a mathematical description of glass-forming
ability in the 4-dimensional composition space.

Following Iterative Refinement of each variable as
described above, it is possible to identify the refined alloy
composition and derive a general formula for any alloy in the
neighborhood of the refined alloy composition. In accor-
dance, it can be determined that refined alloy to be:

Nigg 6Crg 7Nb3 0P 16583

In turn, the 4 experimental alloy series can be defined by the
composition “shift” vectors around the refined composition:

Au,=ux[1, 0, 0, 0] (Cr replaces Ni)

Au,=ux[-1, 1, 0, 0] (Nb replaces Cr)

Au;=ux[0, 0, -1, 1] (B replaces P)

Au,=ux[-0.1085, -0.0374, 0.8376, 0.1624] (metalloids

replace metals)
where u is the composition displacement in at. % along the
specified alloy series.

Using the “standard’ composition variables (w, X, y, z) in
the standard alloy formula Ni,_,, ., .Cr, Nb,P B, the four
composition shift vectors (associated with displacements w,
X, V, and z, are given by:

Aw=wx[1, 0, 0, 0],

Ax=xx[0, 1, 0, 0],

Ay=yx[0, 0, 1, 0], and

Az=7x[0, 0, 0, 1].

These can be expressed in terms of the Au’s as:

Aw=Au,,

Ax=0.7071Au,+0.7071Au,,
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Ay=0.1423Au, +0.0365Au,-0.1586Au;+0.9764Au,, and

Az=0.1110Au, +0.0285Au,+0.6379Au,+0.7616Au,,.

Collecting these “fitting parameters”, the fit of the critical
rod diameter data for the 4 alloy series gives two exponential
“decay” parameters for each of the displacements Au,, Au;,
and Au, where the A, , parameters are in “inverse decay”
lengths (decay lengths in at. %) for positive (+ sign) and
negative (- sign) deviations of composition from the refined
values of each Au,. Glass-forming ability (GFA) is described
along each series (i=1, 2, 3, and 4) by the formula:

GFA=D_ 0+D_iexp[-h_(=,)Au_i] (EQ. 1)

wherethe ) ;andA_, parameters are determined from the fits
presented in the charts for the series 1-4 shown in FIGS. 9 to
12. (These values have been collected in Table 5, below.) D,
in EQ. 1 plays the role of a “background” GFA for alloys
having large deviations in composition from the optimum.
The D,’s are the “height” of the cusps is each series. These
approach a maximum of 9-10 mm as composition is itera-
tively refined while, D,=1.5 mm for all i. In other words, for
the purposes of this disclosure, glass forming of less than 1.5
mm is considered “background” or “baseline” glass forming,
and is outside the bounds of the proposed inventive compo-
sitions.

TABLE 5
GFA Parameters
Displacements
(from preferred u) A Ay W X y z
Ay, 0.2085  0.1956 1 0.7071  0.1423 0.1110
Au, 1.0420  0.9380 0 0.7071  0.0365 0.0285
Aug 0.8578  1.2189 0 0 -0.1586 0.6379
Auy 0.7326  0.7708 0 0 0.9764 0.7616
Aw (Cr) 0.2085 0.1956
Ax (Nb) 0.8842  0.8016
Ay (P) 0.9725 09507
Az (B) 1.1580  1.3937
Using these parameters and fits it is now possible to write

ageneral formula for GFA in (w, X, y, z) coordinates. From the
fitting it was found that using Dy=1.5 mm for all of the u
coordinates provided and excellent fit to the data. The values
of'the A, parameters in Table 5 were obtained with this value
of D, It was also found that the preferred value of D,=9.9 mm
provided an excellent description of all of the data. This is the
appropriate value of D, for all u coordinates (and therefore w,
X, V, Z coordinates) since all series must yield the same peak
value of GFA. To an excellent approximation, GFA in the
“standard coordinates” is:

GFA:DO+DZ-6XP[—7\.:7W(W— Wo)—h.. J(x—xo)—h: xy(y—yo)—

heA(7-20)] (EQ2)
where the A, (for each coordinate) is chosen according to the
sign of the displacements Aw=w-w,, AXx=x-X,, etc., and w,,
X,, etc. refer to the refined composition variables. The values
of'the A’s are given in Table 5. The value of the “background
GFA” is taken to be Dy=1.5 mm while D,=9.9 mm is the best
overall value which fits all data. This formula can be shown to
provide an excellent description of the GFA of all experimen-
tal alloys studied in the Ni—Cr—Nb—P—B quinary glass
system. The formula accurately predicts the GFA of any
quinary alloy in the neighborhood with an accuracy of +1 mm
(maximum diameter for obtaining a fully amorphous rod). It
should be noted that:

In [[(GFA-Dy)D]]==h. ,(w-wo)=h. (x=xg)~h.. y(y_

Yo)=h.(2-20) (EQ-3)
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where D=9.9 mm. In other words, the reduction In [(GFA-
D,)/D] associated with composition errors are additive.

As such, according to the GFA equation and the additivity
oflogarithmic errors, it is possible to construct 4-dimensional
composition maps for achieving a desired GFA. To illustrate
this, simple 2-dimensional maps (projections from the 4-di-
mensional map) based on variations in two of the four inde-
pendent variables (assuming the remaining variables are fixed
at the refined values) are provided in FIGS. 13 to 16. Most
important, for the control of alloy glass forming ability are the
most “sensitive” variables, i.e., those with greatest A’s. From
Table 5, these are clearly x, y and z (i.e., Nb, P, and B content).
In the 2-dimensional GFA maps, to obtain an amorphous rod
8 mm in diameter, the composition (of the two variables) must
lie within the central “diamond” on all plots. The middle
“diamond” in each plot illustrates ranges in which 5 mm
critical rod diameter is obtained for the two subject variables
(assuming the other variable assume refined values). Beyond
the “inner two diamonds™ (corresponding to critical rod
diameters of 5 mm and 8 mm) an “outer diamond” depicts
alloys that only demonstrate 3 mm critical rod diameter.
Beyond the “3 mm diamond” glass forming ability rapidly
decays to the “background GFA” (taken to be 1.5 mm in the
GFA model). In fact, the GFA model is consistent with the
prior art (Inoue patent and Hashimoto article) where critical
rod diameter of 1 mm was reported for alloys in the general
neighborhood of the inventive compositions. As can be seen
from the four binary GFA maps shown, it is the case that large
variations in Cr content (the w-coordinate) can be tolerated
without serious degradation of GFA, while variations in P
content (y-coordinate) produce GFA degradation which is
intermediate. Small deviation from the preferred composi-
tions (deviations of a fraction of 1 at. % from the preferred
composition) for the “critical” elements Nb and B (x and z
coordinate) leads to rapid degradation of GFA from 11.5 mm
to the 1 mm level. This striking behavior has not been antici-
pated in any prior art in the metallic glass field.

Accordingly, to form bulk amorphous alloys with maxi-
mum rod diameter of at least 8 mm or at least 5 mm, the
deviations from refined alloy compositions must satisty the
following formula (subscripts denote atomic percent):

Ni68.6-mwx——o)CE: 8.7+wa3.0+xP16.5+yB3.2+z

where w, X, y, and z are now taken to be the deviation from an
“ideal composition”, are in atomic percent, and can be posi-
tive or negative, as shown in Table 6, below.

TABLE 6

Maximum Composition Errors for achieving a specific
critical rod diameter

8 mm 8 mm 5 mm 5 mm
Maximum A <0 (too low) A >0 (too high) A <0 A>0
Allowed Error [at. %] [at. %] [at. %] [at. %]
Cr Error (w) -2.0 +2.1 -5 +5.2
Nb Error (x) -0.4 +0.4 -1.1 +1.1
P Error (y) -0.4 +0.3 -1.1 +0.9
B Error (z) -0.3 +0.2 -0.7 +0.5

In such embodiments, for example, alloys capable of produc-
ing amorphous rods with diameter of at least 8 mm, the
equation of the 4-dimensional “diamonds” would be given as
follows:

0.211w[40.841x1+0.961y|+1.1812]<0.43

with [wl, Ixl, etc. being the absolute value of the composition
deviations as above. If, for example, only w is considered
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(letting x=y=z=0), the condition for 8 mm critical rod diam-
eter given by the “critical rod diameter vs. Cr content” plot
(FIG. 3) a deviation from preferred values of —2.0<w<2.1 is
reached. In turn, if only x is considered (let w=y=7=0), the
condition for 8 mm maximum rod diameter given by the
“critical rod diameter vs. Nb content” plot (FIG. 2) of
-0.4<x<0.4 is reached, etc. Accordingly, in this embodiment
of the composition, the formula provides a “8 mm” critical
rod diameter region since it treats the deviations as having a
cumulative effect (as predicted by the GFA formula) on
degrading glass-forming ability.

Inturn, the region that contains bulk amorphous alloys with
maximum rod diameter of at least 5 mm can be obtained by
adjusting the “size” of the 4-dimensional diamond. Using the
data from FIGS. 13 to 16, it is possible to obtain a formula for
an alloy that can form amorphous rods at least 5 mm in
diameter. This is given by the following formula (subscripts
denote atomic percent):

NI(GS.G—W—x—y—z)cr8.7+wa3+xP 16.5+yB3.2+z

where w, X, y, and z are the deviation from an “ideal compo-
sition”, are in atomic percent and can be positive or negative.
In such an embodiment, for alloys capable of producing
amorphous rods with diameter of at least 5 mm, the equation
of'the 4-dimensional “diamond” would be given as follows:

0.211w[40.841x1+0.961y|+1.181z]<1.05

Likewise, the region that contains bulk amorphous alloys
with maximum rod diameter of at least 3 mm can be obtained
by adjusting the “size” of the 4-dimensional diamond. Based
on using the data from FIGS. 13 to 16, it is possible to obtain
a formula for an alloy that can form amorphous rods at least
3 mm in diameter. This is given by the following formula
(subscripts denote atomic percent):

NI(GS.G—W—x—y—z)cr8.7+wa3+xP 16.5+yB3.2+z

where w, X, y, and z are the deviation from an “ideal compo-
sition”, are in atomic percent and can be positive or negative.
In such an embodiment, for alloys capable of producing
amorphous rods with diameter of at least 3 mm, the equation
of'the 4-dimensional “diamond” would be given as follows:

0.211w[40.841x1+0.96y|+1.181z/<1.89

In effect, the two formulae above provide a direct and
precise description of certain embodiments of the composi-
tion adjusted for the critical casting diameter desired. Such a
description of the glass forming ability of multi-component
alloys has heretofore never been proposed or discussed in any
prior art. Accordingly, such a precise and quantitative
description of the “inventive” composition region for forma-
tion for bulk metallic formation has never before been pos-
sible.

For the purpose of comparison, FIG. 13 identifies alloy
compositions in the prior art lying closest to the present
inventive composition region for which bulk glass formation
has been reported. Prior alloys reported by Inoue et al. (Jap.
Pat. No. 2001-049407 A, the disclosure of which is incorpo-
rated herein by reference) and Hashimoto et al. (H. Habazaki,
H. Ukai, K. izumiya, K. Hashimoto, Materials Science and
Engineering A318, 77-86 (2001), the disclosure of which is
incorporated herein by reference) are shown in FIG. 13.
These researchers reported bulk glass formation in 1 mm rods
of'the compositions shown. The alloy compositions for these
reports lie outside the least restrictive area (3 mm diameter
glass formation region) of the present disclosure in FIG. 13.
In fact, this 2-dimensional map only depicts the prior art with
respect to the compositions of B and Nb. Both previous
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researchers made only alloys of Cr content w=5 and 10 at. %.
FIG. 13 depicts GFA of the present disclosure when Cr is
refined (Ww=8.7 at. %). When the Cr concentration is not
refined (i.e. for Cr concentrations of 5 at. % or 10 at. %), the
diamonds describing the present disclosure would be signifi-
cantly contracted and the prior art would lie further outside
the present inventive compositions. Further, the prior reports
of Inoue involved a 6 component alloy containing 5 at. % of
Mo. The effect of Mo on the present inventive alloys has also
been studied (as described below). In fact the addition of only
1 at. % of Mo to the refined alloy of the present disclosure
results in lowering the critical rod diameter from 11.5 mm to
4 mm, while addition of 2 at. % of Mo lowers the critical rod

20

ness is found to be very high (between 60 and 100 MPa m'?)
for low Cr content (4<x<7), low (between 30 and 50 MPa
m'") for intermediate Cr content (7<x<11), and marginal
(between 50 and 60 MPa m'?) for higher Cr content
(11<x<13) (Table 7 and FIG. 19). Likewise, the plastic zone
radius for low Cr content (4<x<7) is found to be very high
(between 0.2 and 0.6 mm), but for higher Cr content (7<x<13)
substantially lower (between 0.05 and 0.2 mm) (Table 7 and
FIG. 20). The critical bending diameter at which a rod can be
bent plastically around a 6.3 mm bent radius and the associ-
ated bending ductility are found to decrease monotonically
with increasing Cr content (Table 7).

TABLE 7

Effect of increasing the Cr atomic concentration at the expense of Ni on the yield
strength, notch toughness, plastic zone radius, critical bending diameter and bending

ductility of the Ni—Cr—Nb—P—B system

[

¥ KQ »

Example Composition (MPa) (MPam'?  (mm) d, (mm) €,
22 Niz3 sCryNb3P 6 5B3 2304 78.15£5.46 0.3665 — —
23 Niz, sCrsNbsP 6 5B; 2312 9458 £3.06 0.5327 1.10 0.175
24 Niy 5CrgNbsP 4 5B; 2340 84.18 £3.04 0.4119 — —
25 Niz sCryNbsP 4 5B;3 2362 5218 £7.96 0.1554 — —
26 Nigo sCrgNb3P 4 5B3 2369  46.14£2.02 0.1207 — —
27 Nigg sCrgNb3P 4 5B3 2409  28.59 £3.07 0.0448 0.85 0.135
29 Nig7 5Cr oNbsP 4 sBs 2446  38.18 £6.02 0.0775 — —
30 Niges sCry NbsP s 5B3 2463 61.31 £2.65 0.1972 — —
31 Nigs sCroNbzP 6 5B3 2505 5837 £3.80 0.1728 — —
32 Nigyq sCr3Nb3P 6 5B3 2515 54.90 £3.03 0.1517 0.65 0.103

diameter to below 1 mm. As such, addition of Mo is found to
be extremely detrimental leading to severe degradation of
GFA in the present disclosure.

Mechanical Property Characterization

The mechanical properties of the inventive alloys were
investigated across the entire compositional range disclosed
in this disclosure. The mechanical properties of interest are
the yield strength, o, which is the measure of the material’s
ability to resist non-elastic yielding, and the notch toughness,
K, which is the measure of the material’s ability to resist
fracture in the presence of blunt notch. Specifically, the yield
strength is the stress at which the material yields plastically,
and notch toughness is a measure of the work required to
propagate a crack originating from a blunt notch. Another
property of interest is the bending ductility of the material, €,,,
which is the plastic strain attained by bending around a fixed
bent radius. The bending ductility is a measure of the mate-
rial’s ability to resist fracture in bending in the absence of a
notch or a pre-crack. To a large extent, these three properties
determine the material mechanical performance under stress.
A high o, ensures that the material will be strong and hard; a
high K, ensures that the material will be tough in the presence
of relatively large defects, and a high €, ensures that the
material will be ductile in the absence of large defects. The
plastic zone radius, €, defined as (l/J‘E)(KQ/Oy)z, is a measure
of the critical flaw size at which catastrophic fracture is pro-
moted. Essentially, the plastic zone radius determines the
sensitivity of the material to flaws; a high r, designates a low
sensitivity of the material to flaws.

The compressive strength, notch toughness, and bending
ductility of inventive alloys Ni,, s_ Cr,Nb,P, . B, where x
is between 4 and 13, were investigated. The compressive
strength is found to increase monotonically with increasing
Cr content (Table 7 and FIGS. 17 and 18). The notch tough-
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The higher notch toughness and larger plastic zone radius
of'the alloys with low Cr atomic fractions is reflected in their
fracture surface morphology. As shown in FIG. 21, the frac-
ture surface morphology of alloys with atomic fractions of Cr
of less than 10% exhibits “rough” highly jagged features
indicating substantial plastic flow prior to fracture. By con-
trast, the fracture surface morphology of alloys with atomic
fractions of Cr of 10% or more exhibits “sharp” cleavage-like
features indicating very limited plastic flow prior to fracture.
The larger bending ductility of the alloys with low Cr content
is reflected in their ability to undergo significant plastic bend-
ing by generating dense shear band networks without forming
cracks. As shown in FIG. 22, a 0.6 mm diameter wire made of
an alloy with atomic fraction of Cr of 5% is capable of
undergoing plastic bending around a 6.3 mm bent diameter
forming a 90° angle without fracturing. The engineering sig-
nificance of the higher toughness, larger plastic zone radius,
and larger bending ductility is that engineering hardware
could fail gracefully by plastic bending rather than fracture
catastrophically under an applied stress.

The compressive strength, notch toughness, and bending
ductility of inventive alloys NigoCrg sNbsP 5 5 B,, where x
is between 2 and 4.5, were investigated. The compressive
strength is found to increase fairly monotonically with
increasing B content (Table 8 and FIGS. 23 and 24). The
notch toughness is found to be modest (between 30 and 45
MPa m'"?) for low B content (2<x<3), and fairly high (be-
tween 60 and 70 MPa m'12) for higher B content (3<x<4.5)
(Table 8 and FIG. 25). Likewise, the plastic zone radius for
low B content (2<x<3) is found to be relatively low (about 0.1
mm), but for higher B content (3<x<4.5) is substantially
higher (between 0.2 and 0.25 mm) (FIG. 26). The critical
bending diameter at which a rod can be bent plastically
around a 6.3 mm bent radius and the associated bending
ductility are found to remain constant with increasing B con-
tent (Table 8).
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TABLE 8

22

Effect of increasing B atomic concentration at the expense of P on the yield
strength, notch toughness, plastic zone radius, critical bending diameter and

bending ductility of the Ni—Cr—Nb—P—B system

O, KQ »

Example Composition (MPa) (MPamY?) (mm) d, (mm) €,
2 NigeCrg sNb3P 5 5B, 2314 42.0 £18.2 0.1049 0.85 0.135
3 NigoCrg sNbsP /B; 5 2385 43.5+£87 0.1059 — —
5 NigoCrg sNb3P 6 5B3 2397 33552 0.0622 0.85 0.135
6 NigoCrg sNb3P B3 5 2474 68352 0.2426 — —
8 Nigg 5Crg sNb3P By 2435 67.7x4.8  0.2461 0.85 0.135
9 Nigg sCrg sNb3P 55Bys 2468 62829  0.2061 — —
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The compressive strength, notch toughness, and bending
ductility of inventive alloys NigCr,; s Nb P, B, wherex
is between 2 and 4, were investigated. The compressive
strength is found to increase fairly monotonically with
increasing Nb content (Table 9 and FIGS. 27 and 28). The
notch toughness is found to be very high (between 65 and 80
MPa m'’?) for low Nb content (2<x<2.75), but considerably
lower (between 30 and 40 MPa m'/?) for higher Nb content

20

(3<x<4) (Table 9 and FIG. 29). Likewise, the plastic zone
radius for low Nb content (2<x<2.5) is found to be large
(about 0.4 mm), but for higher Nb content (3<x<4) is consid-
erably lower (between 0.05 and 0.1 mm) (Table 9 and FIG.
30). The critical bending diameter at which a rod can be bent
plastically around a 6.3 mm bent radius and the associated
bending ductility are found to decrease monotonically with
increasing Nb content (Table 9).

TABLE 9

Effect of increasing Nb atomic concentration at the expense of Cr on the yield
strength, notch toughness, plastic zone radius, critical bending diameter and bending
ductility of the Ni—Cr—Nb—P—B system

Ko
o, (MPa T, d,,.
Example Composition (MPa) m'?) (mm) (mm) €,
14 NigCrg sNbyP 4 5Bs 2201 768x73 03876 1.00 0.159
15 NigCrgNb, 5P 145Bs 2268 77152 03679 — —
16 NigCrgssNby7sP1csB; 2349 65020 02437 — —
5 NigCrg sNb3P s 5B3 2397 335x52 00622 085 0.135
18 NigCrgNbs 5P y6.5Bs 2413 381x40 00794 — —
19 NigCrysNbP45Bs 2527 375x59 00701 070 0.111
2 The compressive strength, notch toughness, and bending
ductility of inventive alloys (Nig gs4;Crlg 10558NPg 0374) 100-x
(PO_8376B0_1624)X, where x i.s between 187 and 20.7, were
investigated. The compressive strength is found to decrease
slightly for the intermediate x of 19.7% (Table 10 and FIGS.
31 and 32). On the other hand, the notch toughness and plastic
45

zone radius are found to decrease slightly with increasing
metalloid content (Table 10 and FIGS. 33 and 34). Lastly, the
critical bending diameter at which a rod can be bent plasti-
cally around a 6.3 mm bent radius and the associated bending
ductility are found to remain constant with increasing metal-
loid content (Table 10).

TABLE 10

Effect of increasing the metalloid concentration at the expense of metals on
the yield strength, notch toughness, plastic zone radius, critical bending diameter and
bending ductility of the Ni—Cr—Nb—P—B system

Ko
o, (MPa 1, d,,.
Example Composition (MPa) m'?) (mm) (mm) e,
34 Nigo 45Crs 81Nb3 04P15.66B3.04 2383 68.3 =183 0.2615 075 0.119
36 Nigg 6Crg. 7Nb3P 165 5Ba > 2210 38.6+74 0.0927 075 0119
38 Nig7.75Crg 50Nb5 06P17.34B3.36 2474 45697 0.1081 075 0.119
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Density and Ultrasonic Measurements

The density, shear, bulk, and Young’s moduli, and Pois-
son’s ratio of inventive alloys Ni,, s_ Cr,Nb,P, . B;, where
X is between 5 and 13, were measured (Table 11). The Pois-
son’s ratio is plotted against the Cr content (FIG. 35), and is
shown to decrease monotonically and near-linearly with
increasing Cr content, consistent with a decreasing toughness
and ductility.

TABLE 11

Effect of increasing Cr atomic concentration at the expense of Ni on the shear
modulus, bulk modulus, Young’s modulus, Poisson’s ratio and density of the
Ni—Cr—Nb—P—B system

G B E Poisson’s
Example Composition (GPa) (GPa) (GPa) ratio Density (g/cc)

23 Ni; 5CrsNb3P 4 5B3 48.91 185.12 13485 0.37859 8.0122
25 Nig 5Cr/Nb3P 4 5B3 49.80 185.64 137.14  0.37658 7.9772

5 NigyCrg sNb3P 4 5B3 49.91 181.38 137.15 0.37397 7.8566
27 Nigg sCrgNb;P 4 sB3 51.01 183.35 140.04 0.37270 7.8977
29 Nig75CrioNbsPi1ssBs  52.24  187.40 14340  0.37247 8.0480
32 Nigy5CraNbsPissBs  52.88 185.09  144.84  0.36958 7.9278

The density, shear, bulk, and Young’s moduli, and Pois- ,
son’s ratio of inventive alloys NigCrg sNbsP 4 5 B,, where
x is between 2 and 4.5, were measured (Table 12). The Pois-
son’s ratio is plotted against the B content (FIG. 36), and is
shown to attain a maximum at 2.5% B and a minimum at 4%

B.
TABLE 12

Effect of increasing B atomic concentration at the expense of P on the shear
modulus, bulk modulus, Young’s modulus, Poisson’s ratio and density of the
Ni—Cr—Nb—P—B system

G B E Poisson’s
Example Composition (GPa) (GPa) (GPa) ratio Density (g/cc)
2 NiggCrg sNb3P1 7 5B5 5142 180.95 14092  0.37020 7.9292
3 NigyCrg sNb3P, /B> 5 50.56 18574 139.06  0.37522 7.9580
5 NigyCrg sNb3P 4 5B3 49.91 181.38 137.15 0.37397 7.8566
6 NigyCrg sNb3P (B3 5 52.38 18391 14353 0.36993 8.0357
8 Nigg 5Crg sNb3P 5B, 52.08 179.72 14248 0.36786 7.9011
9 Nigg 5Crg sNb3P 15 5B, s 52.88 18697 14497  0.37077 7.9764
45

The density, shear, bulk, and Young’s moduli, and Pois-
son’s ratio of inventive alloys NigCr;, s_ Nb, P, sB;, where
X is between 2 and 4, were measured (Table 13). The Pois-
son’s ratio is plotted against the Nb content (FIG. 37), and is
shown to remain relatively high for Nb content of less than
about 3-3.5%, and to drop sharply for higher Nb contents.

50

TABLE 13

Effect of increasing Nb atomic concentration at the expense of Cr on the shear
modulus, bulk modulus, Young’s modulus, Poisson’s ratio and density of the
Ni—Cr—Nb—P—B system

B E Poisson’s  Density

Example Composition G (GPa) (GPa) (GPa) ratio (g/ce)
14 NigyCry sNbyP 4 5B3 51.53  185.59 141.50 0.37295  7.7341

15 NigyCrgNb, 5Py sBs 50.96  184.20 139.96 0.37337  7.9677
16 NiggCrg 75Nb, 75P 16 5B3 50.52 18219 13874  0.37308  7.8539

5 NigyCrg sNb3P 4 5B3 49.91 181.38 137.15 0.37397  7.8566

18 NigyCrgNbs P4 sBs 51.27 18573 140.86  0.37360  7.8868

19 NigCrysNb,P s 5B, 5214 183.63 14290 037029 7.8826
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The density, shear, bulk, and Young’s moduli, and Pois-
son’s ratio of inventive alloys (Nig g541Crp ;55NPg 037.4) 100_x
(Py 3376Bo.1624),» Where x is between 18.7 and 20.7, were
measured (Table 14). The Poisson’s ratio is plotted against the
metalloid content (FIG. 38), and is shown to remain fairly 5
constant with increasing metalloid content.
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TABLE 14

Effect of increasing metalloid concentration at the expense of metals on the
shear modulus, bulk modulus, Young’s modulus, Poisson’s ratio and density of
the Ni—Cr—Nb—P—B system

G B E
(GPa) (GPa) (GPa)

Poisson’s
ratio

Density
(g/ee)

8.0959
7.8897
8.0356

Example Composition

184.30
184.83
188.34

141.20
141.62
142.73

0.37231
0.37229
0.37369

N%69.45cr8.8 1Nb3 0P 15 66B3.04
N}GS.GCTSJNbsP 165832
Nig7.75Crg 50Nb3 06P17 3483 36

Effect of Minority Additions

In other embodiments, the present disclosure is also
directed to Ni—Cr—Nb—P—B systems that further contain
minority additions of Si. Specifically, substitution of up to 2
atomic percent P with Si in the inventive alloys is found to
retain significant glass forming ability. As such, the Ni-based
inventive alloys in this embodiment contain Cr in the range of
4 to 14 atomic percent, Nb in the range of 1.8 to 4.3 atomic
percent, P in the range of 13.5 to 17.5 atomic percent, and B
in the range of 2.3 to 3.9 atomic percent, and are capable of
forming an amorphous phase in sections at least 3 mm thick,
and up to 10 mm or greater. Preferably, the atomic percent of
B in the alloys of the present disclosure is between about 2
and 4, and the combined fraction of P, B, and Si is between
about 19 and 20 atomic percent. Also, the atomic percent of
Cr is preferably between 7 and 10 and of Nb between 2.5 and
4.

Exemplary embodiments demonstrate that substitutions of
up to about 2 atomic percent P with Si in the
Nigg sCrgNb;P, o sB; system does not drastically degrade
bulk metallic glass formation (Table 15 below, and FIG. 39).

TABLE 15

Exemplary amorphous alloys demonstrating the effect of increasing
Si atomic concentration at the expense of P on the glass forming

ability of the Ni—Cr—Nb—P—B—Si system.

Critical Rod

Diameter
Example Composition [mm]
27 Nigg sCroNbzP 4 sB3 10
39 Nigg sCrgNb; P B3Si 5 9
40 Nigg sCrgNbsP 5 sB3SI; 7
41 Nigg sCroNbsP sB3Si) 5 4

In a slightly modified composition, minority addition of Si
was found to actually improve metallic glass formation
(Table 16 below).
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TABLE 16

Exemplary amorphous alloys demonstrating the effect of increasing
Si atomic concentration at the expense of P increasing on the glass
forming ability of the Ni—Cr—Nb—P—B—Si system.

Critical Rod

Diameter
Example Composition [mm]
36 Nigs 6Crg 7Nb3P 16 5B3 2 11
42 Nigs.6Crg 7Nb3P 16B3 5810 5 >11

Specifically, it was discovered that the glass-forming abil-
ity is to a large extent retained or, in some cases, slightly
improved by substituting up to about 1 percent of P with Si.
Calorimetry scans to determine the effects of Si concentration
on the glass transition, crystallization, solidus, and liquidus
temperatures were performed (FIGS. 40 and 41). Interest-
ingly, minority additions of Si are shown to considerably raise
the glass-transition temperature without substantially affect-
ing the liquidus temperature.

Minority addition of Si as a replacement for P is also found
to have surprisingly dramatic effects on the mechanical prop-
erties. The compressive strength, notch toughness, and bend-
ing ductility of inventive alloys Nigg sCrgNbsP, .5 B3Si,,
where x is between 0 and 1.5, were investigated. The com-
pressive strength of the Si bearing alloys is shown to increase
with increasing Si content (Table 17 and FIGS. 42 and 43),
consistent with the increasing T, (FIG. 40). More impor-
tantly, the notch toughness is shown to rise dramatically by a
factor of two or more with even minor Si additions as low as
0.25% (Table 17 and FIG. 44). The slightly higher strength
and considerably higher toughness result in a larger plastic
zone radius (Table 17 and FIG. 45). The higher toughness and
larger plastic zone radius of the Si bearing alloys are reflected
in their fracture surface morphology. As shown in FI1G. 46, the
fracture surface morphology of Si bearing alloys exhibits
“rough” highly jagged features indicating substantial plastic
flow prior to fracture. By contrast, the fracture surface mor-
phology of a Si-free alloy exhibits “sharp” cleavage-like fea-
tures indicating limited plastic flow prior to fracture. Lastly,
the critical bending diameter at which a rod can be bent
plastically around a 6.3 mm bent radius and the associated
bending ductility are found to decrease linearly with increas-
ing Si content (Table 17).
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TABLE 17

28

Effect of increasing Si atomic concentration at the expense of P on the
yield strength, notch toughness, plastic zone radius, critical bending diameter and

bending ductility of the Ni—Cr—Nb—P—B-—Si system

o, Ko 1, d,,.

Example Composition (MPa) (MPam'?) (mm) (mm) €,
27 Nigg sCrgNb;P 4 sB3 2446 3818 =x6.02 0.0775 0.85 0.135
43 Nigg 5CroNb3P 1 555B3Sio 25 — 69.24 = 6.65 — — —
39 Nigg 5CroNb3P1 B3Sig 5 2452 6350294 02135 0.80 0.127
44 Nigg 5CroNb3P, 5 75B3Sio 75 — 71.86 +2.88 — — —
40 Nigg sCrgNb;P, 5 sB3Si, 2496 6857629 0.2402 0.0 0.111
45 Nigg 5CroNb3P 5 55B3Si; 55 — 63.04 £5.58 — — —
41 Nigg 5CroNb3P;sB3SI) 5 2463 6202487 02019 — —

15

The compressive strength and notch toughness were also
investigated for inventive alloys Ni,, s Cr. Nb;P,B;Si, s,
where x is between 7 and 10 (FIG. 47), and were compared to
inventive alloys Ni,, s_ Cr, Nb,P, . <B;, where x is between 7
and 10. Interestingly, the strength (Table 18 and FIG. 48) and
especially the toughness (Table 18 and FIG. 49) and plastic
zone radius (Table 18 and FIG. 50) increased for the alloys
containing 0.5 atomic percent Si compared to the Si-free
alloys. As a result of an increased strength and toughness, a
higher damage tolerance would be expected for the alloys
containing 0.5 atomic percent Si compared to the Si-free
alloys. One can loosely define damage tolerance as the prod-
uct of strength and toughness. Computing damage tolerance
in this manner for the two sets of inventive alloys, one will
find a substantially higher damage tolerance for the alloys
containing 0.5 atomic percent Si compared to the Si-free
alloys when x is between 7.5 and 9.5 (FIG. 51).

TABLE 18

Effect of Si atomic concentration on the yield strength,
notch toughness, and plastic zone radius of the
Ni—Cr—Nb—P—B—Si system

[o I,

> KQ P
Example Composition (MPa) (MPam'?)  (mm)
46 Niy sCryNb3P | sB3Sig 5 2365 27.88 £0.90 0.0442
47 Nigo sCrgNb3P | sB3Sig 5 2439 57.67£0.90 0.1880
39 Nigg sCrgNb3P | 6B3Sig 5 2452 63.50 £2.94 0.2135
48 Nig7 5Cr oNbsP ¢B;3Si 5 2446 33.89 £5.36 0.0611

The density, shear, bulk, and Young’s moduli, and Pois-
son’s ratio of inventive alloys Nigg sCroNb;P, 5 BsSi,,
where x is between 0 and 1.5, were measured (Table 19). The
Poisson’s ratio is plotted against the Si content (FIG. 52), and
is shown to exhibit a peak at 0.5% Si.

TABLE 19
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alloys can be substituted by Ta, V, or combinations thereof,
while retaining bulk glass formation in rods of at least 3 mm
in diameter. Exemplary embodiments of alloys containing
additions of Si and Ta are presented in Table 20 below, and are
shown to be able to form amorphous rods up to 6 mm in
diameter. Also, up to 2 atomic percent of the Cr or up to 2
atomic percent of the Ni in the inventive alloys can be option-
ally substituted by Fe, Co, Mn, W, Mo, Ru, Re, Cu, Pd, Pt, or
combinations thereof.

TABLE 20

Exemplary amorphous alloys of the Ni—Cr—Nb—Ta—P—B—Si system

Critical Rod
Diameter
Example Composition [mm]
49 NiggCroNb, sTag sP16B3SI, 5
50 Nig75Cro sNby sTag sP16B3Si; 3
51 Nigg 5Crg sNby sTag sP16B351 5
52 NigoCrgNb, sTag sP16B3SI; 5
53 Nigg 5CrgNb,Tag 5P (B;3Si,; 5
54 NigoCrg sNby sTag sP 5 5B3Si; 6
55 Nigg sCroNby sTag sP 5 5B3Si; 5
56 Nigg 5Crg sNby sTag 5P 5 5B3 581; 5
57 Nigo 5Crg sNby sTag sP 5 5B3Si; 6

The effect of Mo addition on the glass forming ability was
examined for the compositions listed in Table 21, below. FIG.
53 provides a data plot showing the effect of Mo atomic
concentration on the glass forming ability of exemplary
amorphous alloys Nig, sCrg s Nb;Mo, P, B, for 0=x<3. As
demonstrated, addition of even minute fractions of Mo dra-
matically degrades bulk-glass formation. Specifically, it is

The effect of increasing Si atomic concentration at the expense of P on the

Poisson’s ratio of the Ni—Cr—Nb—P—B—Si system.

B E Poisson’s  Density

Example Composition G (GPa) (GPa) (GPa) ratio (g/ce)
27 Nigg 5CroNb3P 14 5B3 51.01  183.35 140.04 037270 7.8977
39 Nigg 5CrgNb;P (B3Sig 5 51.06 18511 140.28 0.37370  7.9452
40 Nigg 5CroNb3P 5 sB3Si; 51.48 18479 141.31 037255 79765
41 Nigg 5CroNb3P;sB3SI) 5 52.51 187.64 144.09 0.37201  8.0429

Effect of Minority Ta and Mo Additions

Although the above results provide detailed studies of the
effect of Si on the GFA of the inventive alloys, in yet another
embodiment up to 1.5 atomic percent of Nb in the inventive

65

shown that s very difficult to achieve formation of bulk glassy
articles if Mo is included in atomic concentrations of more
than 1%. Accordingly, it is important to the inventive alloy
that contributions of Mo be avoided.
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TABLE 21

Exemplary amorphous alloys demonstrating the effect
of Mo atomic concentration on the glass forming ability
of the Ni—Cr—Nb—Mo—P—B system

Critical Rod
Diameter
Example Composition [mm]
8 Nigg sCrg sNb3P 6By 5
58 Nigg.5Cr7 5NbzMo P 4B, 4
59 Nigg. 5Crg sNbzMo,P By <1
60 Nigg 5Cr5 sNbsMosP (B, <1

Finally, despite the above, it will be understood that standard
impurities related to the manufacturing limitations of some
materials can be tolerated in concentrations of up to 1 wt. %
without impacting the properties of the inventive alloys.
Corrosion Resistance

The corrosion resistances of exemplary amorphous alloys
NigoCrg sNb;P, ¢ sB; and Nigg (Crg ,Nb,P, B, ,Si, 5 were
evaluated by immersion tests in 6M HCl, and were compared
against highly corrosion-resistant stainless steels. The plot of
the corrosion depth vs. time for the three alloys is presented in
FIG. 54. Using mass loss measurements, the corrosion depth
01304 stainless steel over about 475 hours was estimated to be
about 187 micrometers and that of316 stainless steel about 85
micrometers. By contrast, the corrosion depth of the exem-
plary amorphous alloy Nigg (Crg ,Nb,P, (B, ,Si, 5 overabout
373 hours was estimated to be only about 0.14 micrometers.
More interestingly, the corrosion depth of the exemplary
amorphous alloy NiCr, sNb;P, . <B; over about 2220 hours
was estimated to be only about 0.6 micrometers. As shown in
FIG. 55, the rod after 2200 hours immersion is shown to be
almost entirely intact. By fitting the corrosion depth data and
assuming linear corrosion kinetics, the corrosion rate of 304
stainless steel was estimated to be about 3400 micrometers/
year, and that of 316 stainless steel about 1500 micrometers/
year. By contrast, the corrosion rate of exemplary amorphous
alloy NiggCrg sNb;P,| o <B; was estimated to be only about 2.1
micrometers/year, while that of Nig, (Crg ;Nb,P, B, ,Si, 5
about 2.6 micrometers/year. Even though the superb corro-
sion resistance of Ni-based Cr- and P-bearing amorphous
alloys was noted in many prior art articles and patents, this is
the first time such high corrosion resistance is reported for
Ni-based Cr- and P-bearing amorphous alloys capable of
forming bulk glassy rods with diameters ranging from 3 mm
to 10 mm or higher.

EXEMPLARY EMBODIMENTS
Example 1
Method of Forming the Inventive Amorphous Alloys

A preferred method for producing the inventive alloys
involves inductive melting of the appropriate amounts of
elemental constituents in a quartz tube under inert atmo-
sphere. The purity levels of the constituent elements were as
follows: Ni99.995%, Cr 99.996%, Nb 99.95%, Ta 99.95%, Si
99.9999%, P 99.9999%, and B 99.5%. A preferred method
for producing glassy rods from the alloy ingots involves re-
melting the ingots in quartz tubes of 0.5-mm thick walls in a
furnace at 1100° C. or higher, and preferably between 1150
and 1250° C., under high purity argon and rapidly quenching
in a room-temperature water bath. In general, amorphous
articles from the alloy of the present disclosure can be pro-
duced by (1) re-melting the alloy ingots in quartz tubes of
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0.5-mm thick walls, holding the melt at a temperature of
about 1100° C. or higher, and preferably between 1150 and
1250° C., under inert atmosphere, and rapidly quenching in a
liquid bath; (2) re-melting the alloy ingots, holding the melt at
a temperature of about 1100° C. or higher, and preferably
between 1150 and 1250° C., under inert atmosphere, and
injecting or pouring the molten alloy into a metal mold,
preferably made of copper, brass, or steel. Optionally, prior to
producing an amorphous article, the alloyed ingots can be
fluxed with dehydrated boron oxide or any other reducing
agent by re-melting the ingots in a quartz tube under inert
atmosphere, bringing the alloy melt in contact with the mol-
ten reducing agent and allowing the two melts to interact for
about 1000 s at a temperature of about 1100° C. or higher, and
subsequently water quenching.

Example 2

Test Methodology for Assessing Glass-Forming
Ability

The glass-forming ability of each inventive alloy was
assessed by determining the maximum rod diameter in which
the amorphous phase can be formed when processed by the
preferred method described above. X-ray diffraction with
Cu—XKa radiation was performed to verify the amorphous
structure of the inventive alloys. Images of fully amorphous
rods made from exemplary amorphous alloys of the present
disclosure with diameters ranging from 3 to 10 mm are pro-
vided in FIG. 56.

Exemplary alloy Nigg (Crg ;Nb;P, B ,Si, s was found to
exhibit particularly high glass-forming ability. It was not only
able to form 10 mm amorphous rods when quenched in a
quartz tube with 0.5 mm thick wall, but can also form 10 mm
amorphous rods when quenched in a quartz tube with 1 mm
thick wall. This suggests that the critical rod diameter
assessed by quenching in quartz tubes with 0.5 mm thick
walls should be between 11 and 12 mm. An X-ray diffracto-
gram with Cu—Ka radiation verifying the amorphous struc-
ture of a 10-mm rod of exemplary amorphous alloy
Nigg (Crg ;Nb;P, B; ,Si, s produced by quenching in a
quartz tube with 1 mm thick wall is shown in FIG. 57.

Example 3

Test Methodology for Differential Scanning
Calorimetry

Differential scanning calorimetry at a scan rate of 20°
C./min was performed to determine the glass-transition, crys-
tallization, solidus, and liquidus temperatures of exemplary
amorphous alloys.

Example 4

Test Methodology for Measuring Density and Elastic
Constants

The shear and longitudinal wave speeds of exemplary
amorphous alloys were measured ultrasonically on a cylin-
drical specimen 3 mm in diameter and about 3 mm in length
using a pulse-echo overlap set-up with 25 MHz piezoelectric
transducers. Densities were measured by the Archimedes
method, as given in the American Society for Testing and
Materials standard C693-93.



US 9,085,814 B2

31
Example 5

Test Methodology for Measuring Compressive Yield
Strength

Compression testing of exemplary amorphous alloys was
performed on cylindrical specimens 3 mm in diameter and 6
mm in length by applying a monotonically increasing load at
constant cross-head speed of 0.001 mm/s using a screw-
driven testing frame. The strain was measured using a linear
variable differential transformer. The compressive yield
strength was estimated using the 0.2% proof stress criterion.

Example 6
Test Methodology for Measuring Notch Toughness

The notch toughness of exemplary amorphous alloys was
performed on 3-mm diameter rods. The rods were notched
using a wire saw with a root radius of between 0.10 and 0.13
um to a depth of approximately half the rod diameter. The
notched specimens were placed on a 3-point bending fixture
with span distance of 12.7 mm and carefully aligned with the
notched side facing downward. The critical fracture load was
measured by applying a monotonically increasing load at
constant cross-head speed of 0.001 mm/s using a screw-
driven testing frame. At least three tests were performed, and
the variance between tests is included in the notch toughness
plots. The stress intensity factor for the geometrical configu-
ration employed here was evaluated using the analysis by
Murakimi (Y. Murakami, Stress Intensity Factors Handbook,
Vol. 2, Oxford: Pergamon Press, p. 666 (1987)). The fracture
surface morphology of the inventive alloys is investigated
using scanning electron microscopy.

Example 7
Test Methodology for Measuring Bending Ductility

The ability of rods made of exemplary amorphous alloys to
bend plastically around a fixed bent radius was evaluated.
Rods of various diameters were bent plastically around 6.3
mm bend diameter. The rod diameter at which a permanent
30° bent angle could be achieved was deemed as the “critical
bending diameter”, d_,. The “bending ductility” €, represent-
ing the plastic strain attainable in bending, was estimated by

dividing d_, by 6.3 mm.
Example 8
Test Methodology for Measuring Hardness
The hardness of exemplary amorphous alloy

Nigg (Crg -Nb,P, B, ,81, 5 was measured using a Vickers
microhardness tester. Six tests were performed where micro-
indentions were inserted on the flat and polished cross section
of'a 3-mm rod using a load of 500 g and a duel time of 10 s.
A micrograph showing a micro-indentation is presented in
FIG. 58. Substantial plasticity (shear banding) and absence of
cracking is evident in the vicinity of the indentation, thereby
supporting the high toughness of the alloy.

Example 9

Test Methodology for Measuring Corrosion
Resistance

The corrosion resistance of exemplary amorphous alloys
was evaluated by immersion tests in hydrochloric acid (HCl),
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and was compared against highly corrosion-resistant stain-
less steels. A rod of inventive alloys NigCrg <Nb;P, . B;
with initial diameter of 2.91 mm and length of 18.90 mm, a
rod of inventive alloys Nig sCrg ,Nb; P, (B ,Si, 5 with initial
diameter of 2.90 mm and length of 20.34 mm, a rod of
stainless steel 304 (dual-certified Type 304/304L stainless
steel, ASTM A276 and ASTM A479, ‘cold rolled” or ‘mill
finish® (unpolished)) with initial diameter of 3.15 mm and
length of 16.11 mm, and a rod of stainless steel 316 (Super-
Corrosion-Resistant Stainless Steel (Type 316), ASTM A276
and ASTM A479, ‘cold rolled’ or ‘mill finish’ (unpolished))
with initial diameter of3.15 mm and length of 17.03 mm were
immersed in a bath of 6M HCI at room temperature. The
stainless steel rods were immersed for about 475 hours, the
inventive alloy NigCrg sNb;P, ¢ sB; rod was immersed for
2200 hours and Nigg (Crg ,NbsP, :B; ,Si, 5 for 373 hours.
The corrosion depth at various stages during the immersion
was estimated by measuring the mass change with an accu-
racy of £0.01 mg. Corrosion rates were estimated assuming
linear kinetics.

Example 10

Engineering Data Base for Exemplary Amorphous
Alloy Nigg ¢Crg ;Nb;P, (B; 551 5

A database listing thermophysical and mechanical proper-
ties for exemplary amorphous alloy
Nigg (Crg ;Nb;P, B; ,Si, s (Example 42) has been gener-
ated. The differential calorimetry scan for this alloy is pre-
sented in FIG. 41, while the compressive stress-strain dia-
gram is presented in FIG. 59.

TABLE 22

Thermophysical and Mechanical properties for exemplary amorphous alloy
Nigg 6Crg 7Nb3P 6B3 5810 -

Composition Nigg ¢Crg 7Nb3P B3 5Sig 5

Critical rod diameter >11 mm
Glass-transition temperature 405.3° C.
Crystallization temperature 448.8° C.
Solidus temperature 845.6° C.
Liquidus temperature 884.4° C.
Density 7.7639 g/ce
Yield strength 2360 MPa
Hardness 745.2 £ 18.0 HV
Notch toughness 51.4 8.4 MPam'?
Critical bending diameter 0.75 mm
Bending ductility 0.1190

Shear modulus 51.08 GPa

Bulk modulus 184.21 GPa
Young’s modulus 140.35 GPa
Poisson’s ratio 0.37369
Corrosion rate (6M HCI) 2.6 pm/year

Doctrine of Equivalents

Those skilled in the art will appreciate that the foregoing
examples and descriptions of various preferred embodiments
of'the present disclosure are merely illustrative of the disclo-
sure as a whole, and that variations in the steps and various
components of the present disclosure may be made within the
spirit and scope of the disclosure. For example, it will be clear
to one skilled in the art that including minor additions or
impurities to the compositions of the current disclosure
would not impact the properties of those compositions, nor
render them unsuitable for their intended purpose. Accord-
ingly, the present disclosure is not limited to the specific
embodiments described herein but, rather, is defined by the
scope of the appended claims.
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What is claimed is:
1. A metallic glass alloy comprising:

Nl(GS.G—w—x—y—z)Cr 8. 7+wND3 P 16.5+yB3.2+z5

where w, X, y, and z are positive or negative atomic percent-
ages that represent a deviation from the base composition
having absolute values that satisfy:

0.211w[+0.84|x1+0.96[y|+1.181z1<1.89, and

wherein the alloy has a critical rod diameter of at least 3 mm.
2. The metallic glass alloy of claim 1, where w, X, y, and z
have absolute values that satisfy the condition:

0.211w[+0.84|x1+0.96[y|+1.181z1<1.05, and

wherein the alloy has a critical rod diameter of at least 5
mm.
3. The metallic glass alloy of claim 1, where w, X, y, and z
have absolute values that satisfy the condition:

0.211w[+0.84|x1+0.96[y|+1.181z1<0.43, and

wherein the alloy has a critical rod diameter of at least 8
mm.
4. A metallic glass alloy comprising:

Ni(160-a-b-c-yCraNb P By

where a, b, ¢, and d represent atomic percentages, and where:

a is greater than 2.5 and less than 15,

b is greater than 1.5 and less than 4.5,

c is greater than 14.5 and less than 18.5, and

d is greater than 1.5 and less than 4.5; and
wherein the alloy has a critical rod diameter of at least 4 mm.

5. The metallic alloy of claim 4, wherein a is greater than 6
and less than 10.5, b is greater than 2.6 and less than 3.2, ¢ is
greater than 16 and less than 17, d is greater than 2.7 and less
than 3.7, and the alloy has a critical rod diameter of at least 8
mm.

6. The metallic alloy of claim 4, wherein a is between 3 and
7, and the stress intensity at crack initiation K, when mea-
sured on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, is at least 60 MPa m*/2.

7. The metallic alloy of claim 4, wherein b is between 1.5
and 3, and the stress intensity at crack initiation K, when
measured on a 3 mm diameter rod containing a notch with
length between 1 and 2 mm and root radius between 0.1 and
0.15 mm, is at least 60 MPa m*2.

8. The metallic alloy of claim 4, wherein a is between 3 and
7, and the plastic zone radius r,,, defined as (l/J‘E)(KQ/Gy)z,
where K, is the stress intensity at crack initiation measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, and where 0, is the compressive yield strength obtained
using the 0.2% proof stress criterion, is greater than 0.2 mm.

9. The metallic alloy of claim 4, wherein b is between 1.5
and 3, and the plastic zone radius r,,, defined as (1/m)(K o/ Gy)z,
where K, is the stress intensity at crack initiation measured
on a 3 mm diameter rod containing a notch with length
between 1 and 2 mm and root radius between 0.1 and 0.15
mm, and where 0, is the compressive yield strength obtained
using the 0.2% proof stress criterion, is greater than 0.2 mm.

10. The metallic alloy of claim 4, wherein a is between 3
and 7, and a wire made of such glass having a diameter of 1
mm undergoes macroscopic plastic bending under load with-
out fracturing catastrophically.

11. The metallic alloy of claim 4, wherein b is between 1.5
and 3, and a wire made of such glass having a diameter of 1
mm undergoes macroscopic plastic bending under load with-
out fracturing catastrophically.
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12. The metallic alloy of claim 4, wherein b is between 2.5
and 3.5, and the alloy has a critical rod diameter of at least 5
mm.

13. The metallic alloy of claim 4, wherein d is greater than
2 and less than 4, and the alloy has a critical rod diameter of
at least 5 mm.

14. The metallic alloy of claim 4, wherein c+d is between
18.5 and 20.5, and the alloy has a critical rod diameter of at
least 5 mm.

15. The metallic glass alloy of claim 4, wherein up to 1.5
atomic % of Nb is substituted by a materials selected from the
group consisting of Ta, V, or combinations thereof.

16. The metallic glass alloy of claim 4, wherein up to 2
atomic % of Cr is substituted by Fe, Co, Mn, W, Mo, Ru, Re,
Cu, Pd, Pt, Ti, Zr, Hf, or combinations thereof.

17. The metallic glass alloy of claim 4, wherein up to 2
atomic % of Ni is substituted by Fe, Co, Mn, W, Mo, Ru, Re,
Cu, Pd, Pt, Ti, Zr, Hf, or combinations thereof.

18. The metallic glass alloy of claim 4, wherein a rod
formed of the materials having a diameter of at least 0.5 mm
undergoes macroscopic plastic bending under load without
fracturing catastrophically.

19. The metallic glass alloy of claim 4, wherein the com-
pressive yield strength, o, obtained using the 0.2% proof
stress criterion is greater than 2000 MPa.

20. The metallic glass alloy of claim 4, wherein the tem-
perature of the alloy is raised to 1100° C. or higher prior to
quenching below the glass transition to form a glass.

21. The metallic glass alloy of claim 4, wherein the Pois-
son’s ratio is at least 0.35.

22. The metallic glass alloy of claim 4, wherein the corro-
sion rate in 6M HCI is not more than 0.01 mm/year.

23. A metallic glass alloy comprising:

Ni(100-a-b-c-d-e)CTaNb5P BySi.

where a, b, ¢, d, and e are atomic percentages, and wherein:

a is between 4 and 14,

b is between 1.8 and 4.3,

¢ is between 13.5 and 17.5,

d is between 2.3 and 3.9, and

eisupto 2;and
wherein the alloy has a critical rod diameter of at least 3 mm.

24. The metallic glass alloy of claim 23, wherein a is
greater than 7 and less than 10, and the stress intensity at crack
initiation when measured on a 3 mm diameter rod containing
a notch with length between 1 and 2 mm and root radius
between 0.1 and 0.15 mm is at least 60 MPa m*/2,

25. The metallic glass alloy of claim 23, wherein b is
greater than 1.5 and less than 3, and the stress intensity at
crack initiation when measured on a 3 mm diameter rod
containing a notch with length between 1 and 2 mm and root
radius between 0.1 and 0.15 mm is at least 60 MPa m*"2.

26. The metallic glass alloy of claim 23, wherein a is
greater than 7 and less than 10, and the plastic zone radius r,,,
defined as (1/m)(K/ Gy)z, where K, is the stress intensity at
crack initiation measured on a 3 mm diameter rod containing
a notch with length between 1 and 2 mm and root radius
between 0.1 and 0.15 mm, and where 0, is the compressive
yield strength obtained using the 0.2% proof stress criterion,
is greater than 0.2 mm.

27. The metallic glass alloy of claim 23, wherein b is
greater than 1.5 and less than 3, and the plastic zone radius r,,,
defined as (1/m)(K/ Gy)z, where K, is the stress intensity at
crack initiation measured on a 3 mm diameter rod containing
a notch with length between 1 and 2 mm and root radius
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between 0.1 and 0.15 mm, and where o, is the compressive
yield strength obtained using the 0.2% proof stress criterion,
is greater than 0.2 mm.

28. The metallic glass alloy of claim 23, wherein a is
greater than 7 and less than 10, and a wire made of such glass
having a diameter of 1 mm undergoes macroscopic plastic
bending under load without fracturing catastrophically.

29. The metallic glass alloy of claim 23, wherein b is
greater than 1.5 and less than 3, and a wire made of such glass
having a diameter of 1 undergoes macroscopic plastic bend-
ing under load without fracturing catastrophically.

30. The metallic glass alloy of claim 23, wherein b is
between 2.5 and 3.5, and the alloy has a critical rod diameter
of at least 4 mm.

31. The metallic glass alloy of claim 23, wherein d is
between 2.9 and 3.5, and the alloy has a critical rod diameter
of at least 4 mm.

32. The metallic glass alloy of claim 23, wherein e is up to
1.5, and the alloy has a critical rod diameter of at least 4 mm.

33. The metallic glass alloy of claim 23, wherein c+d+e is
between 18.5 and 20.5, and the alloy has a critical rod diam-
eter of at least 4 mm.

34. The metallic glass alloy of claim 23, wherein up to 1.5
atomic % of Nb is substituted by a materials selected from the
group consisting of Ta, V, or combinations thereof.

35. The metallic glass alloy of claim 23, wherein up to 2
atomic % of Cr is substituted by Fe, Co, Mn, W, Mo, Ru, Re,
Cu, Pd, Pt, Ti, Zr, Hf, or combinations thereof.

36. The metallic glass alloy of claim 23, wherein up to 2
atomic % of Ni is substituted by Fe, Co, Mn, W, Mo, Ru, Re,
Cu, Pd, Pt, Ti, Zr, Hf, or combinations thereof.

37. The metallic glass alloy of claim 23, wherein a rod
formed of the materials having a diameter of at least 0.5 mm
undergoes macroscopic plastic bending under load without
fracturing catastrophically.
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38. The metallic glass alloy of claim 23, wherein the com-
pressive yield strength, o, obtained using the 0.2% proof
stress criterion is greater than 2000 MPa.

39. The metallic glass alloy of claim 23, wherein the tem-
perature of the alloy is raised to 1100° C. or higher prior to
quenching below the glass transition to form a glass.

40. The metallic glass alloy of claim 23, wherein the Pois-
son’s ratio is at least 0.35.

41. The metallic glass alloy of claim 23, wherein the cor-
rosion rate in 6M HCl is not more than 0.01 mm/year.

42. A metallic glass alloy selected from the group consist-

ing off NigCrqg sNbyP1;B, 5, NigoCrg sNb3Py 4 758, 75,
NigoCry sNbyP, 6 5B, NigoCry sNbyP, B 5,
NigoCrg sNb3P; 5 7585 75, NigoCroNb, 5P 6 5Bs,
NigoCrg 75sNb; 5P 6 583, NigoCrg »5Nb3 55P1 6 583,
NigoCrgNb; 5Py 6 583, NigoCr; sNbP 6 B3,
Ni;, sCrsNbsPy 6 B3, Niy; sCrgNb;P 6 5Bs,
Ni,q sCr,Nb,P, 6 5B, Nig sCrgNb,P, 6 5B,
Nigg sCroNb;P; 4 B3, NiggCro sNbsP 6 5Bs,
Nig, sCr gNbsP, 5 5B, Nigs sCr; Nb,P, ¢ 5B,
Nigs sCr;,NbsP6 sBs, Nigg sCroNb;P, ¢B3Sig s,
Nigs sCroNb; P 5 sB;Si;, NigoCrg sNb3P;sB3Sig s,
NigoCrg sNb;P; 5 sB;Si;, Nigo 03Crg 75Nb3 5P 60883125

Nigg.17Cr3 65Nb 03P 16.92B3 28

Nig; 75Crg soNb; 96P 17 3485 36

NigoCrg sNb, sTag 5P 5 sB5Si;, and
Nigq sCrg sNb, STa, <P, sB;Si;; wherein the alloy has a criti-
cal rod diameter of at least 3 mm.

43. A metallic glass alloy comprising:
Nigg Crg ;NbsP, ¢ sB; 5; wherein the alloy has a critical rod
diameter of at least 3 mm.

4. A metallic glass alloy comprising:
Nigg (Crg ;Nb3P, Si, sB; ; wherein the alloy has a critical
rod diameter of at least 3 mm.

#* #* #* #* #*
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